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PREFACE  TO  THE  FIRST   EDITION. 


The  g-round  covered  by  this  book  includes  those  portions 
of  Hydrostatics  and  Pneumatics  which  are  usually  read  by 
beginners  and  by  candidates  for  examinations  of  a  stan- 
dard sucli  as  that  of  tlie  London  Matriculation.  In  the 
illustrative  and  other  examples,  it  has  been  our  endeavour 
to  deduce  results  from  first  principles,  and,  as  far  as 
possible,  to  discourage  students  from  relying  on  memory 
for  mathematical  formulse.  Where  new  departures  have 
been  thought  desirable,  they  have  generally  been  effected 
in  such  a  way  as  to  allow  teachers  the  opportunity  of 
adhering  to  older  methods  of  treatment  if  they  so  prefer. 
Thus,  according  to  our  arrangement,  the  student  becomes 
familiar  with  specific  gravity  and  the  very  important 
practical  methods  of  determining  it,  including  the  use  of 
the  Hydrostatic  Balance,  before  encountering  the  more 
theoretical  considerations  connected  with  pressure  and  its 
distinction  from  thrust.  But  any  reader  who  prefers  may 
pass  straight  on  to  Part  II.,  after  reading  the  first  three  or 
four  chapters  of  Part  I.,  leaving  the  remaining  chapters 
of  Part  I.  to  be  read  after  Chapter  XIII.  Again,  proofs 
involving  the  Principle  of  Work  have  been  introduced  in 
several  cases,  but  the  possibility  of  omitting  tliem  if  desired 
has  been  pointed  out. 

We  have  given  considerable  attention  to  the  illustrations, 
notably  those  of  air  and  water  pumps,  in  which  the  up  and 
down  strokes  are  figured  separately. 

Wliere  articles  are  marked  with  an  asterisk,  they  should 
certainly  be  omitted  on  first  reading,  and  for  many  purposes 
they  may  be  omitted  altogether.  Only  a  few  articles  are, 
however,  "starred,"  as  this  matter  depends  so  much  on 
individual  students  that  it  is  generally  best  left  to  the 
teacher. 


VI  PREFACE. 

We  take  the  opportunity  of  pointing  out,  that  where  the 
distinction  between  pressure  and  thi'ust  has  not  been 
consistently  carried  out  in  all  the  examples,  this  has 
sometimes  been  purposely  done  in  order  that  readers  may 
become  accustomed  to  such  differences  of  nomenclature  as 
commonly  occur,  even  in  different  papers  set  for  the  same 
examination. 


PREFACE  TO   THE   SECOND  EDITION. 

Although  the  main  body  of  the  original  work  has  been 
untouched,  we  have  taken  the  opportunity  of  a  Second 
Edition  to  introduce  several  minor  alterations  and  additions. 
Much  of  the  chapter  on  Specific  Gravities  of  Mixtures  has 
been  rewritten,  and  illustrative  examples  have  been  added, 
exemplifying  the  method  of  dealing  with  mixtures  which 
contract.  Further  examples  have  also  been  worked  out  in 
the  chapter  on  the  Principle  of  Arcliimedes.  Most  of  these 
new  examples  illustrate  a  plan  of  dealing  with  complicated 
problems  which  experience  has  proved  to  be  very  useful  in 
the  hands  of  the  average  student,  namely,  that  of  drawing 
up  a  table  at  the  outset  in  which  aU  the  known  data  are 
entered  in  their  proper  place.  In  the  practical  working, 
instead  of  denoting  the  unknown  quantities  by  letters,  it 
will  be  found  better  to  fill  the  blanks  up  in  succession  as 
these  data  are  calculated,  and  a  glance  at  the  table  at  each 
stage  of  the  process  will  suggest  the  next  step  to  take. 

The  use  of  the  term  "specific  weight"  to  denote  the 
weight  of  a  unit  volume  of  a  substance  has  been  discarded, 
as  it  was  found  to  lead  to  confusion  with  specific  gravity. 

We  have  to  thank  many  readers  for  their  kind  sugges- 
tions and  corrections. 
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HYDROSTATICS. 


INTRODUCTION. 


SYSTEMS   OF   UNITS. 

1.  The  Euglish  System. — In  Hydrostatics  we  shall 
Lave  to  compare  the  sizes  and  weights  of  different  bodies. 
In  measuring  these,  either  the  English  or  the  French 
system  of  weights  and  measures  may  be  used. 

In  the  English  system,  the  most  usual  uxiit  of  length 
is  the  foot  (ft.).  The  foot  is  one-third  of  a  yard,  the 
yard  being  defined  as  the  distance  between  two  marks  on 
a  certain  bar  of  platinum  which  is  now  kept  in  the  Tower 
of  London.  There  is  no  reason  why  this  particular  length 
should  have  been  chosen  as  the  unit,  beyond  that  of 
custom.  This  fact  is  expressed  by  saying  that  the  yard 
is  a  purely  arbitrary  unit. 

Smaller  lengths  may  be  measured  in  inches  (1  foot  = 
12  inches),  longer  lengths  in  miles  (1  mile  =  5280  feet), 
both  units  being  derived  from  the  foot  or  yard. 

The  Tinit  of  area  is  to  be  taken  as  the  area  of  a  square 
whose  side  is  the  unit  of  length,  i.e.,  a  square  foot. 

The  unit  of  volnme  is  to  be  taken  as  the  capacity  of  a 
cube  whose  length,  breadth,  and  height  are  each  equal  to 
the  unit  of  length.  Thus  a  cubic  foot  and  a  cubic  inch 
are  the  units  of  volume  corresponding  to  a  foot  and  an 
inch  respectively,  and  we  note  that 
1  ciibic  foot  contains  12  x  12  x  12  =  1728  cubic  inches. 

Sometimes  volumes  are  measured  in  gallons. 

The  gallon,  like  the  yard,  is  an  arbitrary  unit  which  is 
defined  by  standard. 

HYDRO.  B 
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2.  The  weight  of  a  body  is  a  quantity  proportional  to 
the  force  with  which  the  body  is  acted  on  by  gravity.* 

The  usual  English  unit  of  weight  is  the  pound  (lb.). 

This  is  defined  as  the  weight  of  a  certain  standard 
piece  of  platinum  kept  in  London,  and  which,  like  the 
yard,  was  chosen  arbitrarily. 

Smaller  weights  may  be  measured  in  ounces  (1  lb.  = 
16  oz.)  or  grains  (1  lb.  =  7000  grs.)  ;  larger  weights  in 
tons  (1  ton  =  2240  lbs.). 

The  following  facts  are  important: — 

A  cubic  foot  of  pure  water  weighs  about  1000  oz. ; 
and 

"  A  pint  of  clear  water 
Weighs  a  pound  and  a  quarter  "  ; 
and  therefore  a  gallon  (8  pints)  weighs  10  lbs. 

When  we  say  tiiat  a  hodj  weighs  one  pound,  we  mean 
that  it  would  balance  the  standard  pound  weight  in  a 
pair  of  scales,  and  therefore  that  it  tends  to  fall  to  the 
Earth  with  the  same  force  as  a  1-lb.  weight  at  the  same 
place.  Hence,  in  weighing  a  body  in  the  ordinary  way, 
the  force  of  gravity  on  it  is  measured  in  terms  of  another 
force  of  the  same  kind,  and  the  common  measure  of  the 
weight  is  a  purely  numerical  quantity  which  does  not 
depend  on  the  intensity  of  gravity,  but  merely  on  the 
relative  quantity  of  matter  in  the  body,  as  compared  with 
the  quantity  of  matter  in  the  pound  or  other  standard  of 
weight. 

The  actual  quantity  of  matter  in  a  body  is  called  its 
mass ;  hence  the  weight  of  a  body  measures  its  mass. 

The  actual  force  with  which  gi-avity  acts  on  a  body  at 
any  particular  place  may,  for  convenience,  be  called  the 
absolute  weight  of  the  body,  to  distinguish  it  from  the 
purely  numerical  measure  of  weight  obtained  with  a  pair 
of  scales  Where  no  confusion  is  likely  to  arise,  the 
word  "  absolute  "  may  be  omitted. 

*  If  the  term  "gravity"  is  taken  to  include  the  universal  gravitation  which 
exists  between  the  Earth,  Sun,  Moon,  and  other  bodies,  it  is  perfectly  correct  to 
speak  of  the  "weight  of  the  Earth."  If,  however,  "weight"  is  defined  merely 
by  terrestrial  gravity,  or  by  weighing  with  a  pair  of  scales,  the  term  "  weight  oi 
the  Earth  "  is  meaningless. 
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3.  The  Metric  System  of  units,  originally  introdnced 
by  the  French,  is  far  more  convenient  for  calculations 
than  the  English  system,  and  for  this  reason  it  is  now 
very  generally  used  in  all  scientific  measurements  even  in 
this  country. 

The  metric  unit  of  length  is  the  metre,  and  was 
originally  defined  as  the  ten-millionth  part  of  a  quadrant 
of  the  Earth's  circumference,  measured  from  the  North 
Pole  to  the  Equator.* 

The  submultiples  of  the  metre  have  been  named  as 
follows : — t 

1  metre  =  10  decimetres 

=  100  centimetres  (cm.) 

=  1000  millimetres  (mm.)  ; 

and  the  multiples  of  the  metre  are — 

1  decametre  =  10  metres, 

1  hectometre  =  100  metres, 

1  kilometre  =  1000  metres, 

1  myriame^re  =  10,000  metres. 

In  scientific  work,  the  centimetre  is  usually  chosen  as 
the  unit  of  length,  instead  of  the  metre. 

A  metre  =  39"37  inches. 

A  decimetre  is  nearly  4  inches.  Three  centimetres  are 
very  nearly  the  diameter  of  a  penny. 

760  millimetres  (the  average  height  of  the  mercury  in  a 
barometer)  =  30  inches. 

The  unit  of  area  corresponding  to  the  centimetre  is 
the  area  of  a  square  centimetre  ;  and  we  observe  that — 

a  square  decimetre  =  10  X  10  or  100  square  centimetres, 

and  a  square  metre  =  100  x  100  or  10,000  sq.  cm. 

*  Since  the  metre  was  introduced,  the  Earth's  circumference  has  been  measured 
with  greater  accuracy  ;  but  it  was  not  considered  advisable  to  alter  the  standard 
metre  originally  adopted,  and  which  is  preserved  in  Paris.  The  Earth's  circum- 
ference may  be  taken  as  40,000,000  metres  in  ordinary  calculations. 

t  The  prefixes  deci-,  centi-,  viilli-  are  derived  from  the  Latin  for  10,  100,  1000, 
and  deca-,  hecto-,  kilo-,  myria-  from  the  Greek  for  10,  100,  1000,  10,000. 
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Tlie  ooviesponding  tinit  of  volume  is  the  capacity  of  a 
cubic  centimetre  (c.c.)  (a  cube  whose  length,  breadth, 
and  height  are  each  I  centimetre).     Note  that 

a  cubic  decimetre  =  10  x  10  x  10        =  1000  c.c, 
a  cubic  metre        =  100  x  100  x  100  =  1,000,000  c.c. 

The  French  unit  of  fluid  measure  is  called  a  litre,  and 
was  originally  defined  as  the  volume  of  a  cubic  decimetre. 

A  litre  =  1'76  pints. 


4.  The  metric  unit  of  weight  is  the  gramme  (gm.). 
It  was  originally  defined  as  the  weight  of  a  cubic 
centimetre  of  water,  at  temperature  4°  Centigrade  (39° 
Fahrenheit).* 

Since  bodies  expand  with  heat  and  contract  on  cooling-,  the  tempera- 
ture of  the  water  must  be  given.  If  a  long-necked  flask  of  boiling 
water  be  taken,  it  will  be  noticed  on  cooling  down  that  the  bulk  of 
the  water  diminishes  gradually  until  4°  C.  is  reached ;  then,  as  it 
continues  to  cool,  water,  contrary  to  the  general  law,  gradually 
increases  in  volume,  and  so  becomes  lighter.  4°  C.  is  therefore  the 
temperature  of  maximum  density  of  water,  and  this  temperature  will 
in  future  be  assiuned  unless  otherwise  stated. 

The  submultiples  and  multiples  of  the  gramme,  pro- 
ceeding by  powers  of  10,  are  denoted  by  the  same  prefixes 
to  the  word  gramme  as  in  the  case  of  the  metre.  Thus  a 
railligrnmme  =  xoVo  gi^amme  and  a  "kHogramme  =  1000 
grammes. 

Reduced  to  English  measure,  a  kilogramme  is  nearly 
represented  by  2 '2044  lbs. 

A  kilogramme  is  the  weight  of  a  litre  of  water  at 
temperature  4°  C.  This  is  the  definition  of  the  litre. 
Hence,  if  a  cubic  centimetre  weighed  exactly  a  gramme, 
a  litre  would  be  exactly  a  cubic  decimetre,  and  this  may 
be  taken  to  be  the  case  in  all  ordinary  calculations. 


*  Like  the  metre,  the  gramme  is  now  defined  by  means  of  the  original  standard 
kilogramme,  a  piece  of  platinum  preserved  at  Paris.  For  all  practical  purposes 
liowever,  a  cubic  centimetre  of  water  may  be  taken  to  weigh  a  gramme. 
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5.  Units  of  Force. — When,  as  in  Hydrostatics,  we 
have  to  deal  chiefly  with  the  forces  due  to  the  weights 
of  bodies,  it  is  most  convenient  to  measure  forces  in 
gravitation  units.  The  gravitation  unit  of  force  is 
a  force  equal  to  the  absolute  weight  of  a  unit  of  ma-s. 
Hence  the  English  gravitation  unit  is  the  weight  of  a 
pound,  and  the  Metric  gravitation  unit  is  the  weight 
of  a  gramme.  When  we  speak  of  a  "  force  of  10  pounds  " 
or  a  "  force  of  10  grammes,"  we  mean  a  "  force  equal  to 
the  absolute  weight  of  10  pounds  "  or  of  "10  grammes," 
and  the  force  is  measured  in  gravitation  units. 

The  same  number  which  measures  the  mass  of  a  body 
also  measures  its  weight  in  gravitation  units.  Thus  a 
body  of  mass  10  lbs.  weighs  10  lbs. 

Similarly,  we  may  say  that  "  a  cubic  centimetre  of  water 
weighs  1  gramme,"  or  "  the  mass  of  a  cubic  centimetre 
of  water  is  1  gramme,"  and  both  statements  are  correct. 

[In  Dynamics  it  is  shown  that  the  absolute  weight  of  a  given 
quantity  of  matter  is  not  quite  the  same  at  different  parts  of  the 
Earth,  and  hence  that  the  weights  of  a  pound  and  a  gramme  are  not 
constant  imits  of  force.  For  this  reason  forces  are  measured  in  terms 
of  two  dynamical  units,  the  poundal  and  the  dyne,  both  of  which  are 
defined  without  reference  to  gravity.  To  reduce  pounds'  weight  to 
poundals,  or  grammes  to  dynes,  it  is  only  necessary  to  multiply  by 
"y  "  the  acceleration  of  gravity,  measured  in  the  foot-pound-second 
or  the  centimetre -gramme -second  system  of  units,  as  the  case  may  be. 
Taking  the  usual  values  of  "  <7,"  a  pound  weight  =  32  poundals,  and 
a  gramme  weight  =  981  dynes.] 

In  Hydrostatics,  forces  should  always  be  calculated  in  gravitation 
units  unless  the  contrary  is  expressly  specified. 


6.  Work. — When  a  force  moves  its  point  of  application, 
the  work  done  by  the  force  is  the  product  of  the  force 
into  the  distance  through  which  its  point  of  application 
moves  in  the  direction  in  which  the  force  acts.  When 
the  point  of  application  moves  in  the  opposite  direction, 
the  work  is  negative. 

The  English  gravitation  unit  of  work  is  the  foot-pound, 
or  the  work  done  by  raising  a  weight  of  1  lb.  througli 
1  foot.  If  W  lbs.  are  raised  through  a  vertical  height  of 
h  feet,  the  work  done  is  Wh  foot-pounds. 
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The  centimetre-gramnie-second  gravitation  unit  is  the 
gramme-centimetre  or  work  done  in  raising  a  weight  of 
1  gramme  through  1  centimetre.  A  larger  and  more 
convenient  unit  is  the  kilogrammetre  or  work  done  in 
raising  a  kilogramme  through  1  metre.  Hence  a  kilo- 
grammetre =  1000  X  100  =  100,000  gramme-centimetres. 

7.  The  Principle  of  Conservation  of  Energy  asserts 
that  when  a  body  or  machine  of  any  kind  is  acted  on  by 
any  number  of  forces  (efforts  and  resistances)  which  are 
in  equilibrium,  the  sum  of  the  works  done  by  the  several 
forces  in  any  displacement  of  the  body  or  machine  is  zero. 
In  other  words,  when  a  machine  is  acting,  no  more  work 
will  be  got  out  of  it  than  is  put  into  it. 

This  principle  has  many  important  applications  to 
Hydrostatics. 

8.  Summary. — The  principal  facts  connected  with  the 
Metric  System  are  shown  on  page  7.  The  following 
statistics  are  mostly  only  rough,  but  may  be  found  con- 
venient for  reference. 


(1)  Earth's  radius 

=  4000  miles. 

(2)  Earth's  circumference 

=  40,000  kilometres. 

(3)  Height  of  barometer 

=  30  inches. 

w 

=  760  millimetres. 

(5)  Accel,  of  gravity  g 

=  32  feet                 ^  per  sec. 
=  980  centimetres  )  per  seo. 

(0) 

(7)  Cubic  foot 

=  1000  oz. 

(8)  Gallon 

=  10  lbs. 

(9)  Cnb.centimetre 

of  waters  1  gramme. 

(10)   Cub.  decimetre 
or  litre 

=  1  kilogramme. 

(11)   1000  kilog.  or  1  tonne      =  2204  lbs. 

(a  ton=  2240  lbs.). 


-2  CM. 


7cm. 


■8cM.  / 


SYSTEMS   OF   UNITS. 


Ic.c. 

HOLDS 
IGM. 
WATER. 

ICM. 


Length  of  side,  One  Decimetee. 


'3CIVI. 


■4CM. 


-5CM. 


•6CM. 


Cubic   Decimetre. 
=  1,000  c.c. 

Capacity  =  LITRE. 

Holds  1  KILOGRAMME  of  Water 
(=  1,000  grammes)  at  temp.  4°C. 


•9ck 


'\Qcfn. 


Scale  of  Centimetees. 


5  6 

Fig.  1. 
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9.  On  tlie  use  of  formulse  in  Hydrostatics.— (1)  -tilthough  in 
the  following  chapters  many  results  will  be  established  in  the  form 
of  algebraic  forraulse,  it  must  be  carefully  borne  in  mind  that  such 
formulae  are  merely  mathematical  statements  of  facts,  and  that  the 
essential  feature  of  Hydrostatics  consists  in  its  principles  and  practical 
applications  rather  \haD.formiil(e.  In  order  to  acquire  a  sound  know- 
ledge of  the  subject,  it  is  therefore  of  great  importance  that  numerical 
calculations  should  be  deduced  directly  from  the  j^rinciples  themselves, 
and  not  by  substituting  numerical  values  for  the  symbols  in 
an  algebraic  formula.  For  this  reason,  many  of  the  general  algebraic 
investigations  in  this  book  are  preceded  (instead  of  being  followed)  by 
worked -out  numerical  examples  in  illustration  of  them,  and  this  is 
done  in  every  case  where  such  numerical  calculations  are  of  practical 
importance.  In  any  case  where  this  has  not  been  done,  the  student 
is  advised  to  work  examples  by  following  (in  many  cases,  word  for 
word)  the  methods  adopted  in  the  bookwork,  but  substituting  at 
every  step  the  numerical  values  for  the  algebraic  letters  given  in  the 
text.  By  doing  so,  a  far  more  thorough  knowledge  of  the  subject 
will  be  acquired. 

(2)  The  elementary  student  should  not  attempt  to  follow  an  al- 
gebraic proof  by  reading  only  ;  he  shoidd  copy  it  out,  following  each 
line  as  he  sets  it  down,  and  then  recapitulate. 

It  is  also  important  that,  in  writing  out  calculations,  the  meaning 
of  each  step  should  be  written  down  ;  it  is  of  little  or  no  use  to  obtain 
the  right  answer  to  a  question  unless  the  method  used  has  been 
understood  and  clearly  stated.  By  adopting  this  plan,  students  will 
be  saved  from  taxing  their  memory  with  a  number  of  formulae  which 
are  difficult  to  remember  and  are  sure  to  be  forgotten  when  wanted, 
but  which  can  immedi;i'ely  be  deduced  from  first  principles. 

(3)  In  stating  results  of  numerical  calculations,  the  unit  of  measurement 
must  ahvaijs  be  specified.  Thus,  for  example — "a  force  of  100"  has 
no  meaning,  for  it  might  be  taken  to  mean  a  force  of  100  dynes,  or 
100  grammes  weight,  or  100  lbs.  weight,  or  100  tons  weight,  or  100 
of  any  other  imit  whatever ;  before  we  can  attach  any  definite 
meaning  to  it,  we  must  say  which  unit  is  employed.  Moreover,  it  is 
undesirable  to  use  some  units  of  the  metric  and  others  of  the  English 
system  in  the  same  calctdation ;  one  set  should  be  preserved  throughout. 


PART      I. 


SFEGIFIG  GRAVITIES  OF  SOLIDS  AND  LIQUIDS. 


CHAPTER     I. 


SOLIDS,   LIQUIDS,   AND   GASES. 

1.  Hydromechanics,  as  its  name  implies,  comprises 
all  those  portions  of  Mechanics  which  relate  to  fluids. 
It  is  divided  into  two  branches  —  Hydrostatics  and 
Hydrodynamics. 

Hydrostatics  deals  with  the  equilibrium  of  fluids  and 
with  the  forces  acting  on  them  when  at  rest. 

Hydrodynamics  deals  with  the  motion  of  fluids  under 
the  action  of  forces. 

The  name  Hydraulics  is  generally  given  to  those 
portions  of  Hydrodynamics  which  are  useful  to  the 
practical  engineer ;  it  relates  to  the  flow  of  water  through 
pipes,  mains,  and  canals,  the  construction  of  water- 
wheels,  &c. 

2.  The  three  states  of  Matter. — Every  one  is  more 
or  less  familiar  with  matter  in  its  three  states  of  solid, 
liquid,  and  gas.  In  ice,  water,  and  steam  we  have 
examples  of  a  single  substance  which  is  capable  of  existing 
in  either  of  the  three  states,  according  to  circumstances. 
When  frozen,  it  takes  the  form  of  a  solid  (ice)  ;  at  ordinary 
temperatures  it  is  a  liquid  (water)  ;    and  when  boiled  by 
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heating,  it  becomes  a  vapour  or  gas  (sfceam).  All  simple 
substances  (the  chemical  "  elements  ")  are  able  to  exist  in 
each  of  these  states.  Thus  all  the  metals  can  be  melted 
and  even  turned  into  vapour  by  the  application  of  heafc. 

For  some  time  air  and  certain  other  gases  were  con- 
sidered to  be  "  permanent  gases  "  which  could  not  be  turned 
into  liquids,  and  a  distinction  was  drawn  between  these 
"  permanent  gases  "  and  "  vapours."  But  in  1878  two 
physicists,  M.  Cailletet  and  M.  Pictet,  succeeded  in 
liquefying  not  only  air  (which  is  a  mixture  containing 
oxygen  and  nitrogen  and  carbon  dioxide),  but  also  oxygen, 
nitrogen,  and  other  gases  previously  supposed  to  be 
permanent.  Moreover,  most  of  these  gases  (except 
hydrogen)  have  been  solidified. 

3.  Solids  and  Fluids. — From  our  everyday  experience 
we  get  a  fairly  good  idea  of  the  general  difference  between 
solids,  liquids,  and  gases.  In  Hydrostatics  a  general  idea 
is  not  sufficient ;  we  must  give  exact  definitions,  and  these 
we  can  base  on  common  experience. 

We  know  that  a  solid  body,  such  as  a  piece  of  ice, 
metal,  glass,  or  wood,  always  retains  the  same  shape ; 
if  put  into  a  bottle,  it  does  not  adapt  its  shape  to  that  of 
the  bottle.  We  cannot  force  a  piece  of  stick  into  it,  nor 
can  we  stir  it  up. 

On  the  other  hand,  liquids  and  gases,  sach  as  water 
and  air,  will  easily  flow  from  one  vessel  into  another. 
Thus,  if  water  be  poured  into  a  bottle,  it  adapts  itself  to 
the  shape  of  the  bottle,  and  fills  the  wliole  of  the  bottom 
part.  If  air  be  blown  into  the  bottle,  it  will  leave  no 
empty  spaces,  but  will  fill  the  bottle.  Again,  water  is 
very  easily  stirred  up  with  a  stick,  and  air  is  still  more 
easily  stirred,  so  much  so,  that  when  we  move  about  we 
hardly  experience  any  perceptible  resistance  from  the  air 
which  we  displace. 

Hence  we  may  distinguish  the  two  kinds  of  matter, 
solid  a,nd  fluid,  by  the  property  that  the  former  retains  a 
definite  shape  and  cannot  be  stirred  up,  while  the  latter 
flows  easily  from  one  shape  to  another  and  can  be  readily 
stirred.     In  exact  words — 
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Def. — A  solid  is  a  substance  which  tends  to  keep  the 
same  shape  lor  an  indefinite  length  of  time,  and  whose 
various  parts  cannot  move  freely  among  themselves. 

Def. — A  fluid  is  a  substance  which  yields  to  any  force, 
however  small,  tending  to  change  its  shape  or  to  produce 
movement  of  its  parts  among  themselves. 

It  might  be  remarked  that  fine  sand  can  be  easily  stirred,  but  that 
thick  treacle  is  much  more  difficult  to  stir,  and  therefore  that  the  sand 
ought  to  be  considered  fluid  and  the  treacle  solid.  But  a  sufficiently 
Hght  piece  of  stick  may  be  made  to  stand  upright  in  sand  for  any 
length,  of  time,  while,  if  it  were  stood  upright  in  treacle,  it  would,  in 
the  course  of  time,  fall  over.  The  sand  never  yields  to  the  weight  of 
the  stick,  and  therefore  each  of  the  individual  grains  of  sand  possesses 
the  properties  of  a  soHd  body.  The  treacle,  on  the  other  hand,  yields 
in  the  long  run,  however  light  the  stick  may  be,  and  this  characterizes  it 
as  a  fluid.  Many  sohds  may  be  moulded  from  one  shape  into  another 
by  applying  considerable  forces  or  pressures  to  them,  but  they  do  not 
yield  to  "  the  slightest^'  force. 

*4.  Rigidity. — The  property  in  virtue  of  which  a  body 
tends  permanently  to  retain  the  same  shape  is  called 
rigidity.  Hence  a  solid  is  distinguished  from  a  fluid  by 
being  rigid. 

5.  Liquids  and  Gases.  —  Both  liquids  and  gases 
(e.g.,  water  and  air)  are  fluids  according  to  the  above 
definition.  But  they  differ  in  one  important  respect.  If 
a  bottle  is  half  full  of  water,  the  water  cannot  be  made  to 
occupy  either  more  or  less  than  half  of  the  bottle.  If 
the  bottle  is  full,  we  cannot  get  any  more  water  in  by 
squeezing,  nor  can  we  squeeze  the  water  into  a  smaller 
space  by  pushing  a  cork  in  or  otherwise.  On  the  other 
hand,  any  amount  of  air  can  be  compressed  into  a  bottle, 
or,  again,  part  of  the  air  in  a  bottle  may  be  sucked  out 
(by  means  of  an  air  pump,  such  as  will  be  described  in 
Chap.  XVIII.),  and  then  the  remainder  will  still  continue 
to  occupy  the  whole  of  the  bottle.  An  easier  experiment 
is  to  boil  a  little  water  in  a  corked  bottle  till  it  all 
becomes  steam.  The  whole  of  the  bottle  will  be  filled 
with  compressed  steam,  and  unless  the  cork  be  fitted  in 
tightly  it  will  be  forced  out  with  considerable  violence. 
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Part  of  the  steam  will  then  escape,  but  the  remainder 
will  still  continue  to  fill  the  whole  bottle.  Hence  we  may 
distinguish  a  liquid  from  a  gas  by  the  property  that  the 
former  cannot,  and  the  latter  can,  be  readily  made  to 
occupy  a  greater  or  less  amount  of  space,  or,  in  exact 
language — 

Def. — A  liquid  is  a  fluid  whose  volume  will  not  increase 
beyond  a  certain  limit,  and  which  offers  a  very  great 
resistance  to  any  decrease  of  volume. 

Def. — A  gas  is  a  fluid  which  always  tends  to  occupy 
as  large  a  volume  as  possible,  but  w^hich  may  be  readily 
forced  to  occupy  any  space,  however  small.* 

6.  Compressibility  and  Elasticity.  —  A  liquid  is 
called  incompressible  when  it  cannot  be  forced  to  occupy  a 
smaller  volume ;  a  gas  is  always  compressible,  because  it 
can  be  easily  compressed  into  any  volume.  No  liquid  is 
perfectly  incompressible;  by  means  of  great  pressure,  water 
may  be  forced  to  occupy  a  slightly  smaller  bulk,  but  in 
Hydrostatics  liquids  may  be  treated  as  incompressible. 

Again,  liquids  are  called  inelastic,  because  they  have  no 
te/idency  to  expand  and  increase  in  bulk,  while  gases  are 
called  elastic,  because  they  tend  to  expand  so  as  to  occupy 
as  large  a  space  as  possible. 

*7,  Perfect  and  viscous  fluids. — Although  all  fluids 
eventually  yield  to  changes  of  shape  or  to  stirring, 
different  fluids  behave  differently  while  changing  thSir 
shape  or  being  stirred.  Some  seem  to  yield  very  readily, 
others  only  with  apparent  reluctance.  Water  may  be 
stirred  up  easily  and  quickly,  and  little  resistance  will  be 
experienced.  But  honey  can  only  be  stirred  with  diffi- 
culty, and  the  faster  we  try  to  stir  it  the  more  resistance 
we  encounter.  If,  however,  we  were  to  stir  it  sufl[iciently 
slowly,  we  should  feel  hardly  any  resistance,  showing  that 
the  honey  is  not  solid., 

*  That  is,  .so  long  as  it  remains  a  gas.  But,  if  compressed  very  niiicli,  a  gas  will 
become  liquid  (compare  §  2).  Conversely,  when  liquid  is  introduced  into  a 
vacuum,  part  of  it  evaporates,  and  its  vapour  fills  the  space  unoccupied  by  the 
liquid. 
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But  the  resistance  always  tends  to  retard  the  passaoe 
of  the  spoon  through  the  honey.  Hence  we  have  the 
following  definitions : — 

A  perfect  fluid  is  one  whose  parts  can  move  among 
themselves  without  retardation. 

A  VISCOUS  fluid  is  one  which  continually  retards  the 
motion  of  its  parts  among  themselves. 

Strictly  spealdng:,  there  is  no  such  thing  as  a  perfect  fluid.  If 
water  were  a  perfect  fluid,  a  ship  when  once  set  in  motion  would 
continue  to  move  through  it  without  ever  stopping,  contrary  to 
experience.  Air  and  some  gases  much  more  closely  resemble  the 
ideal  perfect  fluid,  but  a  bullet  experiences  considerable  resistance 
from  the  air.     Hence  air  is  not  a  perfect  fluid. 

At  the  same  time,  some  fluids  are  much  more  viscous  than  others. 

Viscosity  of  fluids  does  not  affect  their  equilibrium,  but  only  their 
motion ;  and  therefore  it  has  not  to  be  considered  in  Hydrostatics, 
but  only  ia  Hydrodynamics. 


8.  The  surface  of  a  heavy  liquid  at  rest  is  hori- 
zontal.— For,  if  the  surface  were  not  perfectly  horizontal, 
some  parts  would  have  to  be  higher  than  others.  We 
could  then  draw  an  inclined  plane — such  as  AB — cutting 


Fig.  2. 

off"  the  higher  part  ACB  of  the  surface.  The  weight  of 
the  liquid  above  AB  would  tend  to  make  it  slide  down 
the  plane  towards  the  lower  part.  And,  by  definition, 
the  liquid  yields  to  any  force,  however  small,  which  tends 
to  make  its  parts  move  separately.  Hence,  even  if  no  other 
motion  were  possible,  the  liquid  above  AB  would  slide 
down  the  plane  towards  the  places  where  the  surface  was 
lower.  Therefore  the  liquid  cannot  remain  in  equilibrium 
unless  the  surface  is  perfectly  horizontal. 
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*9.  Cohesion. — If  we  try  to  break  or  cnt  a  solid  body 
in  two,  we  experience  considerable  resistance.  The 
property  in  virtue  of  which  the  different  parts  of  a  body 
resist  separation  is  called  cohesion.  It  is  very  easy  to 
divide  a  quantity  of  water  in  two,  showing  that  but  little 
cohesion  exists  in  most  fluids.  In  some  books  a  fluid  is 
defined  as  "a  substance  whose  particles  yield  to  the 
slightesb  effort  tending  to  separate  them" — i.e.,  a  sub- 
stance devoid  of  cohesion — but  this  definition  is  incorrect. 

SUMMAEY. 

1.  SOLIDS. — Permanent  shape.     Parts  cannot  move  about  freely. 

II.  PLUIDS. — No  permanent  shape.  Yield  continually  to  sHght- 
esl  fore  3  tending  to  move  parts.     Fluids  are  sub -divided  into — 

(i.)  Liquids. — Incompressible,  i.e.,  definite  volume,  cannot  be 
reduced  ; 
Inelastic,  i.e.,  volume  does  not  expand  (unless  they 
evaporate) . 
(ii.)  Gases. — Compressible,  i.e.,  volume  can  be  reduced  till  they 
liquefy  ; 
Elastic,  i.e.,  volume  tends  to  expand  indefinitely. 

Viscosity  exists  in  liquids  and  gases. 
Cohesion  exists  in  soHds  and  Hquids. 

EXAMPLES  I. 

L  Distinguish  between  solids  sixxd.  fluids,  and  state  vhat  you  regard 
as  the  essential  features  of  a  fluid.  What  is  the  special  characteristic 
of  a  perfect  fluid  ?  What  are  treacle,  sand,  putty ,  india-rubber,  gold 
leaf,  string,  tar,  alcohol,  and  why  ? 

2.  Distinguish  between  a  liquid  and  a  gas.  A  bottle  is  half  full  of 
air  and  half  full  of  water.  What  will  be  the  effect  (i.)  of  exhausting 
the  air,  (ii.)  of  pimiping  out  the  water,  (iii.)  of  pumping  in  more  air, 
(iv.)  of  pumping  in  more  water,  (v.)  of  dropping  a  piece  of  iron  into 
the  bottle  ? 

3.  If  a  gallon  of  water  weighs  10  lbs.,  and  a  cubic  foot  weighs 
1000  oz.,  how  many  gallons  are  there  in  a  cubic  foot  ? 

4.  Taking  a  ton  =  1000  kilog.  (roxighly),  a  cubic  foot  of  water 
=  1000  oz.,  and  a  cubic  metre  of  water  =  1000  Idlog.,  find  how  many 
centimetres  there  are  in  a  foot. 


CHAPTER      II 


DENSITY  AND   SPECIFIC  GRAVITY. 

10.  Relations  between  weight  and  volnme  of 
water  on  the  English  system. — From  the  fact  that  a 
cubic  foot  of  water  contains  1000  oz.,  we  can  find  the  weight 
of  a  quantity  of  water,  having  given  its  volnme,  expressed 
in  English  units. 

Examples. — (1)  To  find  the  weight  of  the  water  contained  in  a 
cistern  3  ft.  long,  2  ft.  broad,  3  ft.  deep,  filled  to  a  depth  of  2  ft. 

The  volume  of  the  water  depends  on  the  depth  of  the  water  and 
not  on  that  of  the  cistern,  and  is  therefore  =  3x2x2  =12  cub.  ft. 
Hence  the  weight  of  the  water  =  12,000  oz.  =  750  lbs. 

*(2)  To  find  the  number  of  gallons  of  water  in  the  cistern. 
Since  a  gallon  of  water  weighs  10  lbs.,  and  the  water  in  the  cistern 
weighs  750  lbs.,  therefore  its  volume  is  75  gallons. 

11.  Examples  on  the  Metric  System. 

We  have  seen  that  a  gramme  is  by  definition  equal  in 
weight  to  a  cubic  centimetre  of  water  (at  the  temperature 
of  greatest  density). 

Hence,  if  any  vessel  is  filled  with  water,  the  volume  of 
the  vessel  in  cubic  centimetres  is  equal  to  the  weight  of 
the  water  in  grammes. 

Examples.  —  (1)  Griven  a  tank  of  length  25  cm.,  breadth  20  cm., 
height  16  cm.  The  volume  =  25  x  20  x  16  =  8000  cub.  cm.,  and  the 
weight  of  water  filling  it  =  8000  gm.  =  8  kilog. 

(2)  To  find  the  capacity  of  a  bottle  which  weighs  165  gm.  when 
empty,  and  915  gm.  when  fxdl,  of  water. 

Here       (weight  of  water)  +  (weight  of  bottle)  =915  gm. 
Subtract  (weight  of  bottle)  =  165  gm.  ; 

.-.     (weight  of  water)  =  750  gm.  ; 

.•.     volimie  occupied  by  water  =750  cub.  cm. ; 

and  the  capacity  is  750  cub.  cm.,  or  |  litre. 
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(3)  To  find  the  length  of  a  tube  whose  sectional  area  is  3  sq.  cm. , 
and  which  takes  144  gin.  of  water  to  fill  it. 

The  volume  of  the  tube  in  cubic  centimetres  =  weight  of  water  in 
grammes  =144.     Let  h  be  its  length  ;  then,  by  mensuration, 
3  X  A  =  volume  =  144  ; 
.'.     h  the  required  length  =  144 -=-3  =  48  cm. 

12.  Density. — In  the  above  examples  vv^e  have  based 
our  calculations  on  the  facts  that  a  cubic  foot  of  water 
contains  1000  oz.,  and  that  a  gramme  is  defined  as 
the  weight  of  a  cubic  centimetre  of  water.  If,  however, 
we  were  to  use  mercury  instead  of  distilled  water,  we 
should  find  that  a  cubic  foot  weighs  13,596  oz. ;  similarly, 
a  cubic  centimetre  weighs  13*596  gm.,  and  a  cubic  deci- 
metre or  litre  weighs  13*596  kilog.  Hence  mercury  is 
heavier  in  proportion  to  its  bulk  than  water. 

This  shows  that  the  weight  of  any  quantity  of  matter 
does  not  depend  only  on  its  volume,  but  that  it  also 
depends  on  the  hind  of  matter. 

The  same  is  true  of  solids  and  gases,  as  well  as  liquids ; 
thus,  a  bullet  of  lead  is  much  heavier  than  a  cork,  even 
though  the  cork  is  the  larger  body  of  the  two. 

Def. — The  mass  per  unit  volume  of  any  substance  is 
called  the  density  of  that  substance. 

The  number  which  measures  the  density  of  a  substance 
depends  not  only  on  the  substance,  but  also  on  the  choice 
of  units  of  length  and  mass.     Thus — 
the  density  of  water  =  1  in  centimetre-gramme  system, 
=  62^  in  foot-pound  system, 
=  1000  in  ounces  per  cubic  foot. 

13.  Relation  between  the  volume,  mass,  and  den- 
sity.— It  is  easy  to  find  the  mass  of  any  given  volume  of 
a  substance  whose  density  is  given. 

Example. — Having  given  that  the  density  of  sea  water  is  64  lbs. 
per  cub.  ft.,  to  find  the  mass  of  sea  water  in  a  rectangular  tank 
whose  base  measures  3  ft.  by  2  ft.,  filled  to  a  height  of  18  ins. 

The  volume  of  water  in  the  tank  =  3x2x1^  cub.  ft.  =  9  cub.  ft. 

Hence  the  mass  of  the  water  in  it  is  9  times  that  of  a  cubic  foot. 

But  a  cub.  ft.  contains    64  lbs. 

Hence  the  tank  contains  64x  9  =  .576  lbs. 
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14.  To  find  the  mass  of  a  body  whose  volume  is 
F  and  whose  density  is  D, 

Let  M  be  the  required  mass. 

From  the  proportionality  of  mass  to  volume,  we  see 
that  the  mass  M  of  the  volume  V  of  matter  is  V  times 
the  mass  of  a  unit  volume. 

But  the  mass  of  unit  volume  is  equal  to  the  density  D. 

Hence  M  =  VD, 

that  is,  mass  =  volume  x  density. 

From  this  relation,  we  have 

,       .,  mass  ,  mass 

density  =  — ,     or     volume  = ; —  . 

volume  deubity 

Hence,  if  we  know  the  mass  and  volume  of  a  body,  its 
density  may  be  found ;  or,  given  any  two  of  them,  we  can 
find  the  third. 

Example. — To  find  the  density  of  lead  in  the  centimetre -gramme 
system,  having  given  that  a  bullet  of  lead,  2  cm.  in  diameter,  weighs 
45-7  gm. 

The  bullet  is  a  sphere  whose  radius  =  1  cm. 
Hence  its  volume         =  4  ^  V"  ^  i^)^  =  ff  ^^^'  ^^• 
Also  the  mass  of  the  bullet  =  45*7  ; 

.'.    density  of  lead  =  45'7  x  |i     <=  10-9  gm.  per  cub.  cm. 

15.  Since  the  density  of  a  body  is  its  mass  per  unit 
volume,  it  follows  that  the  density  of  a  substance  stands 
m  the  same  relation  to  its  weight  per  unit  volume  as  the 
mass  of  a  body  to  its  weight  in  dynamics. 

If  the  unit  af  weight  be  the  weight  of  the  unit  of  mass, 
the  weight  pev  unit  volume  of  a  substance  will  be  numeri- 
cally equal  to  its  density,  but,  if  the  unit  of  weight  be  the 
dynamical  unit  of  force  (e.g.,  the  poundal  or  dyne),  the 
relation  between  mass  and  weight  is  W  =  Mg,  and, 
similarly,  the  weight  per  unit  volume  (iv)  will  be  connected 
with  the  density  (D)  by  the  relation  tv  =  gD. 

Thus,  taking  the  case  of  water,  its  weight  per  unit  volume 
=  62|  lbs.  wt.  per  cub.  ft.  =  62^  x  32,  or  2000  poimdals  per  cub.  ft. 
=  1  gramme  wt.  per  cub.  cm.  =981  dynes  per  cub.  cm. 
The  weight  per  unit  volume  of  a  substance  will  usually  be  denoted  by  w, 
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16.  Specific  Gravity. — In  §  12,  we  saw  that  the  den- 
sity of  a  snbstance  depends  not  only  on  the  kind  of  matter 
forming  it,  but  also  on  the  chosen  units  of  length  and 
mass.  Bnt,  if  equal  volumes  be  taken  of  two  different 
substances,  their  masses,  and  therefore  also  their  weights, 
will  always  be  in  the  same  ratio,  no  matter  what  be  the 
units  of  measurement. 

Tims  the  weights  of  a  cubic  foot  of  sea  and  fresh  water  are  1024 
and  1000  oz.,  and  their  ratio  =  1-024.  The  weights  of  a  cubic  yard 
(27  cub.  ft.)  are,  respectively,  1024  x  27  and  1000  x  27  oz.,  but  their 
ratio  is  still  =  1*024,  as  before.  And  the  ratio  is  unaltered  by 
reducing  both  weights  to  pounds,  since  this  is  merely  the  same  as 
dividing  both  sides  of  the  ratio  by  the  same  number  16. 

This  ratio  will  be  called  the  specific  gravity  of  sea  water. 

It  is,  therefore,  more  convenient,  instead  of  measuring 
the  actual  densities  of  substances,  to  compare  the  masses 
or  weights  of  equal  volumes  of  different  substances,  and 
for  this  purpose  one  particular  substance  is  always  chosen 
as  the  standard  substance,  with  which  all  others  are 
compared. 

The  standard  substance  universally  adopted  (except 
in  comparing  certain  gases)  is  water  at  a  temperature  of 
4°  C.  or  39°  Fahr.  (its  point  of  maximum  density).  We 
have  seen  that  this  is  the  substance  chosen  in  denning 
the  gramme. 

Def. — The  specific  gravity  of  a  substance  is  the 
ratio  of  the  weight  of  any  volume  of  that  substance  to 
the  weight  of  an  equal  volume  of  the  standard  substance. 

The  abbreviation  for  specific  gravity  is  sp.  gr. 

Examples. —  (1)  Thus,  from  what  has  been  shown  in  §  16,  the 
specific  gravity  of  sea  water  is  1-024.  This  implies  that  any  volume 
of  sea  water  is  1  -024  times  as  heavy  as  an  equal  volume  of  fresh  water. 

(i.)  A  cubic  foot  of  sea  water  weighs  1*024  x  1000  oz.,  or  64  lbs. 

(ii.)  A  gallon  of  sea  water  is  1*024  times  as  heavy  as  a  gallon  of 
fresh  water,  and  therefore  weighs  10*24  lbs. 

(iii.)  A  cubic  centimetre  of  sea  water  is  1*024  times  as  heavy  as  a 
cubic  centimetre  of  fresh  water,  and  therefore  weighs  1*024  gm. 

(iv.)  A  htre  of  sea  water  is  1*024  times  as  heavy  as  a  litre  of  fresh 
water,  and  therefore  weighs  1  kilog.  24  gm.  ;  and  the  same  propor- 
tionality holds  for  any  equal  volumes  of  fresh  and  sea  water. 
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(2)  Again,  the  specific  gravity  of  mercury  is  about  13*6.  This 
implies  that 

(i.)  A  cubic  foot  of  mercury  weighs  13f  times  as  much  as  a 
cubic  foot  of  water,  or  13,600  oz. 

(ii.)  A  gallon  of  mercury  weighs  13f  times  as  much  as  a  gallon 
of  water,  or  136  lbs.,  and  so  on. 

17.  Belations  between  Density  and  Specific 
Gravity. 

Since  weight  is  proportional  to  mass,  therefore,  taking 
water  as  the  standard, 

The  Specific  Gravity  of  a  substance  is  equal  to 
•weight  of  any  vol.  of  substance  __  mass  of  any  vol.  of  substance 
weight  of  equal  vol.  of  water        mass  of  equal  vol.  of  water 
_  weight  of  unit  vol.  of  substance  _  mass  of  unit  vol.  of  substance 
weight  of  unit  vol.  of  water  mass  of  unit  vol.  of  water 

^  density  of  substance 
density  of  water 
Hence  the  density  of  any  substance 

=  (specific  gravity  of  substance)  x  (density  of  water)  ; 
and  the  weight  of  any  volume  of  a  substance 

=  (specific  gravity  of  substance)  x  (wt.  of  equal  vol.  of  water). 
The   specific  gravity   of  water    itself  (at  tempera tnre 
4°  C.)  is,  of  course,  unity.     In  fact,  the  specific  gravity  of 
the  standard  substance  is  necessarily  unity. 

Since  the  gramme  is  so  chosen  that  the  density  of  water 
at  4°  C.  in  the  centimetre-gramme  system  is  also  unity,  it 
readily  follows  that  the  specific  gravity  of  a  substance 
is  equal  to  its  density  in  the  centimetre-gramme 
system. 

This  fact  constitutes  one  of  the  many  advantages  of  the 
C.G.S.  system. 

Example. — The  density  of  a  piece  of  crystal  is  155-75  in  the  foot- 
pound system.     What  is  its  specific  gravity  ? 

Weight  of  a  cubic  foot  of  the  crystal  =  156-75  lbs., 
Weight  of  a  cubic  foot  of  water  =    62-5  lbs. ; 

c,       .n  -i.  weight  of  substance 

.-.     Specific  gravity  =  — .  .  ^  /" :; — ; 

weight  of  equal  volume  of  water 

=  1§15  =  2-492. 
62-6 
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18.  Relations  between  the  volume,  weight,  and 
specific  gravity. — We  can  now  find  the  weight  of  any 
volume  of  a  substance  of  given  specific  gravity. 

Examples. — (1)  To  find  in  ounces  the  weight  of  a  cubic  inch  of  lead, 
taking  the  specific  gravity  of  lead  to  be  11-4. 

Weight  of  a  cubic  foot  of  water  =  1000  oz. ; 
.-.     weight  of  a  cubic  inch  of  water,  i.e.,  of  yJ^  g^  cub.  ft.  =  \t%%  oz. 

But  a  cubic  inch  of  lead  weighs  11*4  times  as  much ; 

.-.     weight  of  a  cubic  inch  of  lead  = ^— —  =  6*59  oz.,  approx. 

(2)  To  find  the  weight  of  40  litres  of  sea  water  (sp.  gr.  1*024). 
40  litres  of  fresh  water  contain  40  kilog. 
Therefore  40  litres  of  sea  water  contain  40  x  1-024  kilog. 
=  40-96  kilog.  =  40  kilog.  960  gm. 

19.  To  find  the  weight  of  a  body  whose  volume 
is   F  and  whose  specific  gravity  is  S. 

Let  W  be  the  required  weight  of  the  body. 
Let  the  weight  of  unit  volume  of  the  standard  substance 
(usually  water)  be  w. 
Then  weig^ifc  of  F  units  of  volume  of  water  =  wV. 
But  weigiit  of  volume  Fof  substance  is  8  times  as  great; 
.-.     required  weight  W  —  VSw  ; 
that  is,   weight  of  body  =  (volume)  x  (specific  gravity) 

.  (weight  of  unit  volume  of  standard). 

Summary. 
I .  The  density  of  a  body 


volume 


2.  The  specifc  gravity  of  a  body      = J^lE^^-^^^p^ 


wt.  of  equal  vol.  of  standard* 
the  standard  substance  usually  being  water. 

The  density  of  water  (temp.  4°C.)  =  1  gm.  per  cub.  cm. 

=  1000  oz.  per  cub.  ft. 
=  62^-  lbs.  per  cub.  ft. 
The  density  of  sea  ivater  =  64  lbs.  per  cub.  ft. 

The  specific  gravity  of  mercury       =13-6  roughly 

[accurately  13-596.] 
The  relation  between  the  volume,  weight,  and  specific  gravity  of  a 
body  is  W=  VSw, 

where  w  is  the  weight  per  unit  volume  of  the  standard  substance. 


DENSITY  AND   SPECIFIC   GBAYITT.  21 

EXAMPLES  II. 

[The  following  specific  gravities  are  given  :  —  Air,  0-0012  ; 
alcohol,  0-835  ;  copper,  8-9  ;  gold,  19-25  ;  ice,  0-92  ;  lead,  11-36  ; 
mercury,  13-6;  sea  water,  1-024.] 

1.  Find  the  weights  of  fresh  and  sea  water,  respectively,  required 
to  fill  the  following  vessels,  and  their  capacities  in  gallons : — 

(i.)  a  rectangular  trough  5  ft.  long,  1  ft.  broad,  1  ft.  deep; 
(ii. )  a  tank  5  ft.  long,  4  ft.  broad,  6  ft.  deep  ; 
(iii.)  a  piece  of  hose  30  ft.  long  and  ^  in.  internal  diametep. 

2.  Find  the  weights  of  water  and  mercury,  respectively,  required 
to  fill  the  following  vessels,  and  their  capacities  in  litres  : — 

(i.)  a  trough  5  cm.  long,  4  cm.  broad,  filled  to  a  depth  of  1  cm. ; 
(ii.)  a  barometer  tube  760  mm.  long,  1  cm.  ia  diameter  ; 
(iii.)  a  hemispherical  bowl  20  cm.  in  diameter. 

3.  If  the  rainfall  is  1  in.,  how  many  tons  of  water  fall  on  an  acre? 

4.  If  the  rainfall  is  1  cm.,  how  many  tonnes  fall  on  a  hectare  ? 

[An  are  =100  sq.  metres ;   a  hectare  =100  ares.] 

5.  If  5  cub.  ias.  of  mercury  weigh  2-45  lbs.  and  2  cub.  ias.  of 
cast  iron  weigh  0-52  lb.,  what  ratio  does  the  density  of  mercury 
bear  to  that  of  cast  iron  ? 

6.  The  density  of  cast  iron  in  the  C.G.S.  system  of  units  is  7-2. 
What  is  its  density  in  the  foot-poimd  system  of  imits  ? 

7.  Explain  what  is  meant  by  the  statement  that  the  specific 
gravity  of  mercury  is  13-596. 

8.  Write  down  the  weights  of 

(i.)  a  cubic  foot  of  copper  ;  (ii.)  a  cubic  inch  of  lead  ; 

(iii.)  a  cubic  yard  of  air  (iv.)  a  gallon  of  alcohol ; 

(v.)  a  cubic  centimetre  of  gold  ;  (vi.)  a  cubic  metre  of  ice  ; 

(vii.)  a  litre  of  mercury  ;  (viii-)  ^  hectolitre  of  sea  water. 

9.  What  are  the  specific  gravities  of  substances  of  which 

(i.)   1  cub.  in.  weighs  1  oz.  ;  (ii.)   1  cub.  yd.  weighs  1  ton  ; 

(iii.)  1  pint  weighs  1  lb.  ;  (iv.)  a  ball,  10  cm.  in  diameter, 

weighs  1  Idlog.  ; 
(v.)  1  Irilog.  fills  240  cub.  cm.  ;     (vi.)  1000  kilog.  fiU  625  Utres. 
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10.  If  5  cub.  ins.  of  silver  weigh  as  much  as  21  cub.  ins,  of  plate 
glass,  and  the  specific  gravity  of  silver  be  10 '5,  find  that  of  plate 
glass. 

11.  A  body  A  has  a  volume  of  2  cub.  yds.  and  specific  gravity  of 
I'l.  A  second  body  B  has  a  volume  of  ^  cub.  ft.  and  specific  gravity 
4-95.  What  ratio  does  the  quantity  of  matter  in  A  bear  to  that 
in  5? 

12.  Show  that,  if  the  specific  gravity  of  a  substance  be  multiplied 
by  f ,  the  product  will  be  the  weight  of  a  cubic  yard  of  the  substance 
in  tons,  very  nearly,  water  being  the  standard  substance. 

13.  Show  that,  if  35-84  be  divided  by  the  specific  gi*avity  of  a 
substance,  the  quotient  will  be  the  number  of  cubic  feet  contained  in 
a  ton  of  the  substance  very  nearly,  water  boing  the  standard 
substance. 

14.  Show  that  the  specific  gravity  of  any  substance 

volume  of  an  equal  weight  of  water 
volume  of  substance 

15.  The  outer  radius  of  a  hollow  leaden  bullet  containing  a  spherical 
cavity  is  H,  and  its  weight  is  Jr.  If  ic  is  the  weight  of  a  unit  volume 
of  lead,  show  that  the  radius  of  the  cavity 


</\ 
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16.  Show  that  the  imits  may  be  chosen  so  that  the  specific  gravity 
and  the  density  of  a  sub&tance  are  identical.  What  is  the  relation 
between  the  unit  of  volume  and  the  unit  of  weight  when  the  weight 
of  a  body  is  numerically  equal  to  1000  times  the  product  of  the 
volume  and  specific  gravity? 

17.  Show  that  the  volume  of  a  body  varies  directly  as  the  weight 
and  inversely  as  the  specific  gravity. 

18.  The  specific  gravity  of  any  substance  is  the  weight  of  any 
volume  of  that  substance  divided  by  the  weight  of  an  equal  volumo  of 
water.  Is  it  correct  to  substitute  the  word  ' '  mass  ' '  for  weight  in 
the  above  statement  ? 
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SPECIFIC   GRAVITIES   OF   MIXTURES. 

20.  Mixtures  by  Volume   and   by  Weight.  —  It  is 

often  necessary  to  find  the  specific  gravity  of  the  mixture 
formed  by  taking  given  quantities  of  different  substances 
and  mixing  them  together.  When  the  volumes  of  the 
several  substances  are  given,  the  mixture  is  said  to  be  a 
mixture  by  volume.  When  their  vp^eights  are  given,  it 
is  said  to  be  a  mixture  by  weight. 

The  total  weight  of  a  mixture  is  invariably  equal  to  the 
sum  of  the  weights  of  its  component  parts. 

The  total  volume  of  the  mixture  is  in  most  cases  equal 
to  the  sum  of  the  volumes  of  its  parts,  but  not  invariably 
so. 

When  sulphuric  acid  and  water  are  mixed  together,  the  mixture 
contracts  and  occupies  a  smaller  volume  than  its  separate  parts  together 
occupied  before  mixing,  and,  generally,  where  chemical  action  takes 
place,  there  is  a  change  in  the  total  volume.  Where  no  data  are  given 
by  which  the  amount  of  the  contraction  could  be  determined,  it  is 
always  to  be  assimaed  that  no  contraction  takes  place,  and,  therefore, 
that  the  general  principle  holds  good. 

21.  Determination  of  the  specific  gravities  of 
mixtures  by  volume. — If  then  the  volumes  of  each  of 
the  ingredients  forming  a  mixture  are  given,  and  the 
specific  gravity  of  each  is  also  known,  the  weight  of  each 
can  be  found  from  the  formula  of  §  19, 

(weight)  =  (volume)  X  (specific  gravity) 

X  (weight  of  unit  volume  of  water). 
Hence,  by  applying  the   principle    of   addition    stated 
above,  the  weight  and  volume  of  the  mixture  are  obtained, 
nnd  from  these  its  specific  gravity  may  be  determined. 
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Examples.  —  (1)  To  find  the  specific  gravity  of  a  mixture  of  2  cub.  ft. 
of  fresh  water  and  3  cub.  ft.  of  sea  water,  having  given  that  the 
specific  gravity  of  sea  water  is  1-026. 

Here  2  cub.  ft.  of  fresh  water  weigh  2000  oz.,  and  3  cub.  ft.  of 
Bea  water  weigh  3  x  1026  x  1000  oz.  =  3078  oz. 

Hence  the  weight  of  the  mixtiu-e  =  5078  oz. 

Also  the  volume  of  the  mixture  =  5  cub.  ft. 

.'.     the  weight  of  an  equal  volume  of  water  =  5  x  1000  oz. 
.'.     the  specific  gravity  of  the  mixture  =  fail.  =  1-0156. 

It  is  not  really  necessary  to  know  the  actual  volumes  of  the  com- 
ponents, provided  that  their  relative  proportions  are  known.  In  this 
case,  we  may  proceed  as  in  the  following  examples,  which  may  bd 
taken  as  types. 

(2)  To  find  the  specific  gravity  of  a  mixture  of  3  parts  (by  voliune) 
alcohol,  2  parts  water,  and  1  part  glycerine  given  that  the  specific 
gravity  of  alcohol  is  0-794:,  aiid  that  of  glycerine  is  1-26. 

Let  10  be  the  weight  of  1  part  of  water. 

Then  the  weight  of  3  parts  of  alcohol     =  3  x  -794^ 

=  2-382W. 
Also  the  weight  of  2  parts  of  water       =  2w. 

Also  the  weight  of  1  part  of  glycerine  =  r26tr. 

.'.     the  weight  of  6  parts  of  the  mixture  =  5-642w. 
But  the  weight  of  an  equal  volume  of  water  =  6w. 

.'.    specific  gravity  of  mixture  =  ^1^  =  -9403. 

6 

(3)  An  amalgam  is  formed  by  mixing  3  volumes  of  potassium 
with  7  of  mercury,  the  volume  of  the  amalgam  being  four- fifths 
of  that  of  its  constituents.  Find  its  specific  gravity,  being  given 
that  specific  gravities  of  mercury  and  potassium  are  13-596  and 
0-860,  respectively. 

Let  w  be  the  weight  of  1  volume  of  water. 
Then  weight  of  potassium  =  3w  x  0'860, 

weight  of  mercury     =  7wx  13*596. 
Volume  of  mercury  and  potassium  =  3  vols.  +  7  vols.  =  10  vols., 
aiid  volxmie  of  amalgam  =  four- fifths  of  this  =  8  vols. 

.*.     weight  of  equal  voltune  of  water  =  8iv. 

.  •.     specific  gravity  =  ^eigAtot^malgam 

weight  of  equal  voliune  of  water 
^  ZwxOS60  +  7wxU-596  ^  i2-219 
8w 
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22.  To  find  the  specific  gravity  of  a  mixture, 
having  given  that  the  volumes  of  its  several  com- 
ponents are  F,,  Fj,  Fg,  ...  F,„  and  that  their  specific 
gravities  are  *S»i,  S.^  S^,  ...  Sn't  there  being  no  contraction  on 
mixing. 

Let  V  be  the  volume  of  the  mixture,  8  its  required 
specific  gravity. 

Let  w  be  the  weight  of  a  unit  volume  of  the  standard 
substance  (usually  water). 

Then  the  weights  of  the  dijBferent  components  are  given 
by       TFi  =  V^S^w,     W,  =  V,S,w,  ...   W,,=  V„S„w, 
and  the  weight  of  the  mixture  is  given  by    W  =  VSw. 

Hence  the  condition  of  constancy  of  weight 

becomes  wVS  =  w  (F,^i+  F2S2+ ...  +  F„^J, 

or  vs=:  v,s,+r,s,+  ...  +  rA (i). 

The  condition  of  constancy  of  volume  is 

F=  F1+F2-I-...  +  F,.    (2). 

The  required  specific  gravity  8  may  now  be  found  by 
dividing  (1)  by  (2)  ;  the  result  is 

F1+F2+...  +  F,.         • 

[This  formu  a  and  the  corresponding  one  below  should  not  be  used 
as  a  basis  for  numerical  calculations.] 

23.  If  the  mixture  contracts,  we  generally  Know 
the  ratio  of  the  total  volume  of  the  mixture  to  the  total 
volume  (i.e.f  sum  of  the  volumes)  of  its  components 
before  mixing.  Let  this  ratio  be  k.  Then  equation  (2) 
no  longer  holds,  but,  by  definition  of  k,  we  have  instead 
the  volume-relation 

V=7c(V,+  V,+  ...V„)     (2a). 

From   (1)   and   (2a),   8  mav  be  found  as  before;  the 

result  is  s^''f'+/f+-  +  ^;^'. 

Cor. — The  specijic  gravity  in  the  present  case  is  l/k  of  what  it  would  he  if 
no  contraction  took  place,  as  is  otherwise  obvious  from  general  principles. 
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24.  Determination  of  specific  gravities  of  mixtures 
by  weight. — When  the  weights  of  the  ingredients  forming 
a  mixtare  are  given,  and  their  specific  gravities  are  known, 
their  volumes  may  be  readily  found  by  §  19.  Hence,  by 
§  20,  we  know  both  the  total  weight  and  volume  of  the 
mixture,  whence  its  specific  gravity  can  be  found. 

Examples. — (1)  To  find  the  specific  gravity  of  a  mixture  of  2000  oz. 
of  fresh  water  and  3000  oz.  of  sea  water,  having  given  that  the 
specific  gravity  of  sea  water  is  r026. 

Here  2000  oz.  of  fresh  water  occupy  2  cub.  ft.,  and  3000  oz.  of  sea 
water  occupy  |Qfa  cub.  ft.  =  2-924  cub.  ft. 

. •.     the  volume  of  the  mixture  =  2-924  +  2  =  4-924  cub.  ft., 
and  the  weight  of  an  equal  volume  of  water  =  4924  oz. 

But  the  weight  of  the  mixture  =  5000  oz.  ; 

.-.     the  specific  gravity  of  the  mixture  =  f§^f  =  1-0154. 

Note.— The.  specific  gravity  is  slightly  less  than  in  Ex.  1,  §  21.  This  is  because 
3000  oz.  of  the  heavier  sea  water  occupy  less  than  3  cub.  ft.,  and  therefore  the 
proportion  hy  volume  of  the  heavier  component  is  now  less  than  before. 

(2)  To  find  the  specific  gra-vity  of  a  mixture  of  3  parts  {by  xveight) 
of  alcohol,  2  parts  of  water,  and  1  part  of  glycerine ;  given  that  the 
specific  gravity  of  alcohol  is  0-794,  and  that  of  glycerine  is  1-26. 

Let  W  be  the  weight  of  each  part,  tv  the  weight  of  a  unit  volume 
of  water. 

Then  a  unit  volume  of  alcohol  weighs  •794mj,  and  a  unit  volume  of 
glycerine  weighs  \'1Qiv. 

But  the  weights  of  alcohol,  water,  and  glycerine  are 

3^r,     2W,     W. 
Hence  their  volumes  are 

37r  2W  W 

•794w'  XV  '        1-2&W 

.'.     the  whole  volume 

=  f-2     +2+  -i-)^=  (3-778 +  2 +-794)—  =  6-572—  ; 
\-794  1-26/  tv        ^  '  w  IV 

and     the  weight  of  an  equal  volume  volume  of  water  =  6-572  7F. 

But  the  weight  of  the  mixture  =  6W. 

.*.     specific  gravity  of  mixture  = =  '913. 

^  ^         ^  6-572 

The  istudent  should  carefully  compare  this  example  with  Ex.  2,  §  21. 
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25.  To  find  the  specific  gravity  of  a  mixttire 
having  given  that  the  iveights  of  its  several  com- 
ponents are  JFj,  W^,  W^,  ...  TF,,,  and  that  their  sppxijic 
gravities  are  S^  S2,  S^,  ...  Sn',  there  being  no  contraction  on 
mixing. 

Let  W  be  the  weiglit  of  the  mixture,  8  its  required 
specific  gravity. 

Let  w  be  the  weight  of  a  unit  volume  of  the  standard 
substance  (usually  water). 

The  condition  of  constancy  of  weight  gives 

Tr=  W,+  W,+...  +  W,, (3). 

Again,  if  F^,  Fg,  ...,  F„  are  the  volumes  of  the  com- 
ponents, V  that  of  the  mixture,  then 

TFi  =  w;5\7i,     W^  =  wS^V^,     &c. ;     also    W=iv8V', 

The  condition  of  constancy  of  volume 

F=Fi  +  72+...  +  F,. 

g^^es  _  =  _.  +  ^  +  ...  +  _-   (4). 

The  required  specific  gravity  S  may  now  be  found  by 
dividing  (3)  by  (4) ;  the  result  is 

TF,+  TF,+...+  TF,. 

[This  formula  should  not  be  used  as  a  basis  for  numencal  calculations.] 

26.  If  the  mixture  contracts,  so  that  its  total  value 
alters  in  the  ratio  of  A;  to  1,  the  volume  relation 

V=k{V,  +  V,-\-...V,d 
becomes  -^_  ^_. +  _.+...+ _)    (4a). 

From  (3)  and  (4a),  8  may  be  found  as  before. 
CoR. — As  in  §  23,  the  specific  gravity  is  Ijk  of  what  it  would  be  if 
there  were  no  contraction. 
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Examples. — (1)  Three  pints  of  a  liquid  of  specific  gravity  -99  are 
mixed  with  five  pints  of  another  liquid  of  specific  gravity  1-04.  Find 
the  specific  gravity  of  the  mixture  if  there  is  a  contraction  of  5  per 
cent,  on  the  joint  volume. 

Let  w  be  the  weight  of  one  pint  of  the  standard  substance  (water). 
Then  the  condition  of  constancy  of  weight  gives 

weight  of  mixture  =  3  x  •99t<?  +  5  x  I'Oiw  =  8'17t^. 
Again,  the  total  volume  of  the  unmixed  liquids  is  3  +  5,  or  8  pints ; 
hence,  by  hypothesis,. 

volume  of  the  mixture  =  8  pints  x  (1— -r§o)  =  76  pints ; 
.•.     weight  of  an  equal  volume  of  water  =  7 "61^; 

.*.     specific  gravity  of  mixture  =    --^  =  1'076 

(2)  A  substance  whose  specific  gravity  is  0*7  is  dissolved  in  10  times 
its  own  weight  of  water,  and  the  specific  gravity  of  the  solution  is 
1-01.     To  find  by  how  much  the  total  volume  is  reduced. 

Let  w  be  the  weight  of  a  unit  volume  of  water,  and  let  the  weights, 
volumes,  and  specific  gravities  be  as  indicated  in  the  following  table, 
Wi  being  supposed  known  : — 

Specific  gravity.     "Weight.  Volume. 

SoKd  0-7  W^  Vi 

Water    ...  I'O  10 ^"1  V^ 

Solution...  1-01  JF  V 

By  the  condition  of  constancy  of  weight,  we  have   ^  =  11  Wy, 
By  the  relation    W  =  wSV,  we  have 

V  =  -^  =  10^1      Tr  _  1 0 ?F2      y^     W    ^  nWi 
*       O'lw         Iw  '        ^  w~*  I'Qlw      i-OW 

Hence,  total  volume  before  dissolving 

10  W.  .  low.      80  ?r, 
1    w  w  7    to 

and,  after  dissolving,  it  is  =  , 

'  ^'  1.01  w 

Hence  the  new  and  old  volumes  are  in  the  ratio  of 

-1^:^  =  77:80-8  =  1-^:1. 
1-01      7  80-8 

Hence  the  volume  is  reduced  by  Jjj\  of  the  original  volume,  i.e., 
by  '04703...,  or,  approximately,  4*703  per  cent. 

Note. — In  solving  problems  which  are  at  all  complicated,  it  will 
be  found  a  great  help  at  the  outset  to  draw  up  a  table  like  that  given 
above.  In  practice,  moreover,  instead  of  denoting  the  unknown  data 
by  letters,  they  may  often  be  entered  as  calculated. 
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27.  The  composition  of  a  mixture  of  two  substances 

may  be  often  determined  if  the  specific  gravities  of  the 
mixture  and  its  components  are  known. 

Examples. — (1)  To  find  the  weights  of  copper  (sp.  gr.  =  8*8)  and 
zinc  (sp.  gr.  =  f€l!)  in  1  lb.  of  brass  (sp.  gr.  =  8*0). 

Let  the  weight  of  copper  be  x  lbs.  Then  the  weight  of  zinc  is 
(l-a;)lb8. 

Let  the  specific  gravities,  weights,  and  volumes  be  given  by  the 
following  table : — 

Specific  gravity.       "Weight.  Volume. 
Copper..                     8-8                    a;  lbs.  Fj 

Zinc 7-0  (l-a;)lb8.  V^ 

Brass   ...  8*0  lib.  V 

Then,  w  being  the  weight  of  a  unit  volume  of  water,  we  have 

r,  =  -^—      Vo  =  ?— ^      V  =  -^ 

The  condition  of  constancy  of  volume*  gives    V  =  Vx+V^'-, 
1     _     X         l—x    ^^   J_  _  j^   .   1— ^ . 
•  ■     S'Oto      8-Sw      l-Oiv'         80       88        70    ' 

X        ^_1  1  18:i;_  X 

'''     88      7b~80      70'    ^'   88^"70  ~  8  X  70  ' 
.*.     18.*;  =  11  ;     whence  x  =  y^,     l—x  =  -^. 
Therefore  1  lb.  of  brass  contains  i^^lb.  of  copper  and  ^^Ib.  of  zinc. 

(2)  Having  given  that  the  specific  gravities  of  gold  and  quartz  are 
19-35  and  2-15,  respectively,  to  find  the  proportions  of  gold  and 
quai-tz  in  a  nugget  of  specific  gra^aty  5 '59. 

Let  V  be  the  volume  of  the  nugget,  supposed  known,  and  let  the 
volumes  and  weights  be  given  by  the  following  table : — 


Specific  gravity. 

Volume. 

Weight. 

Gold    

19-35 

Ti 

^x 

Quartz    ... 

2-15 

r. 

TF, 

Nugget  ... 

5-69 

r 

W 

To  determine  the  composition  of  the  nugget  by  volume,  we  have 
to  find  the  ratio  of  V^  to  V»;  and,  to  determine  its  composition  by 
weight,  we  require  the  ratio  of  W^  to  W^.  We  shall  find  the 
volume-composition  first. 

*  The  question  does  not  state  that  there  is  no  contraction,  but  we  infer  this  to  Ix^ 
the  case,  because  otherwise  there  would  not  be  sufficient  data  to  solve  the  problem- 
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By  the  conditions  of  constancy  of  weight  and  volume, 

JF=7Fi+W. (i.),     and      r=Fi+r2 (ii.). 

Also,  if  IV  be  the  weight  of  unit  volume  of  water, 

JFi  =  19-35  FiM;,      7F2  =  2'lbV.2W,     W  =  5-b9Vw (iii.). 

Substituting  in  (i.),  we  have 

5-59  r=  19-35  ri  +  215r2. 
Substituting  for  Tfrom  (ii.), 

5-59  ri  + 5-59^2  =  19-35  ri  + 2- 15  Fa, 

3-44  Ta  =  13-76  Ti,   or    F2  =  4ri. 
Therefore  the  volumes  of  gold  and  quartz  are  in  the  ratio  of  1  to  4, 
and  are  therefore  ^  and  a  of  the  whole  volume. 

Again,  I^  =  1^-35^  =  ^Zi  =  ^Jj  =  1. 

^      '  JF^        2-15  Fa         V2       4^1        4 

Therefore  the  weights  of  gold  and  quartz  are  in  the  ratio  of  9  :  4^ 
and  are  -j\  and  -^-^  of  the  whole  weight. 


Summary 

The  specific  gravities  of  mixtures  may  be  found  by  writing  down 

(1)  the  condition  of  constancy  of  weight;  and  either 

(2)  the  condition  of  constancy  of  volume  if  there  be  no  con- 

traction, or 
(2a)  the  known  relation  of  the  total  volumes  before  and  after 


The  conditions  may  be  tabulated  thus : 


Mixtures  by  volume. 

Mixtures  by  weigl 

(1) 

rs  =  V^Si+  F2^2+---> 

TF=  W1+W2+...; 

(2) 

r=  ri+F2+..., 

8        Si        S^ 

2a) 

r=k{r,+  r,+  ...), 

f-(^^f^ 

...). 


Note.— It  Is  often  convenient  to  represent  the  sum  of  a  series  of  algebraic 
quantities  by  prefixing  the  Greek  capital  2  to  a  typical  term  of  the  series.  Thus 
equations  (1)  above  would  be  written : 

FS  =  2(F,.$,.),  W=XiW;). 

2(r,.S^)  may  be  regards  as  standing  for  "  the  sum  of  the  F,.5,.'s"  or  "  the  sum 
of  terms  like  V^S,.,"  i.e.,  the  sum  of  V^Si,  V2S2,  ...,  obtained  by  writing  r  =  1,  2,  ... 
in  the  typical  form  F,.S,..  Tlie  letter  2  (called  sigma)  corresponds  in  the  Greek 
alphabet  to  our  S,  which  is  the  first  letter  of  "sum." 

Observe  carefully  that  2  is  a  "  symbol  of  oi)eration  "  like  +,  — ,  ^/,  &c.,  not  an 
algebraic  magnitude. 
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EXAMPLES   III. 

1.  Define  specific  gravity  and  density.  A  certain  mass  of  liquid, 
whose  specific  gravity  is  0'5,  is  mixed,  withe ut  suffering  contraction, 
with  four  times  that  mass  of  a  second  liquid,  whose  specific  gravity  is 
1-25.     Find  the  specific  gravity  of  the  mixture. 

2.  A  nugget  of  gold  mixed  with  quartz  weighs  12  oz.,  and  has 
a  specific  gravity  6  4;  given  that  the  specific  gravity  of  gold  is 
19 -So,  and  of  quartz  is  2-15,  find  (to  one  place  of  decimals)  the 
quantity  of  gold  in  the  nugget. 

3.  Four  pints  of  alcohol,  having  a  specific  gravity  of  -75,  are 
mixed  with  one  pint  of  water  (specific  gravity  1).  Find  the  specific 
gravity  of  the  mixture,  no  change  of  volume  being  supposed  to  take 
place. 

4.  Two  vessels  each  contain  3  pints  of  fluid,  the  specific 
gravity  of  the  one  fluid  being  twice  that  of  the  other.  Two  pint 
tumblers  are  filled,  one  out  of  each  vessel,  and  then  each  tumbler  is 
emptied  into  the  vessel  from  which  it  was  not  drawn.  Prove  that, 
after  the  process  has  been  three  times  gone  through,  the  specific 
gravities  of  the  fluids  are  to  each  other  as  41  :  40, 

5.  To  a  salt  solution,  whose  specific  gravity  is  1-08  and  weight 
27  oz.,  4  oz.  of  water  are  added.  Find  the  specific  gravity  of  the 
mixture. 

6.  A  Prussian  dollar,  made  of  an  alloy  of  silver  and  copper,  has  the 
specific  gravity  10-05.  Determine  the  relative  amount  of  sUver  and 
copper  in  it,  the  specific  gravity  of  silver  being  10  5,  that  of  copper 
8-7. 

7.  Three  equal  vessels  A,  B,  C  are  haK  fuU  of  liquids,  densities 
<fi,  do,  «?3,  respectively.  If  now  B  is  filled  up  from  A  and  then  C 
from  B,  find  the  density  of  the  liquid  now  contained  in  0,  the  liquids 
being  supposed  to  mix  completely. 

8.  A  mixture  is  made  of  7  cub.  cm.  of  sulphTiric  acid  (specific 
gravity  =  1*843)  and  3  cub.  cm.  of  distilled  water,  and  its  specific 
gravity  when  cold  is  found  to  be  1615.  Determine  the  contraction 
which  has  taken  place. 

9.  How  many  gallons  of  water  miv^t  be  mixed  with  20  gallons  of 
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milk  of  specific  gravity  1-032  in  order  to  give  a  mixture  of  specific 
gravity  1  -02  ? 

10.  The  specific  gra-sdty  of  gold  is  19-3,  that  of  silver  is  10-4. 
What  is  the  composition  of  an  alloy  of  gold  and  silver  whose  specific 
gravity  is  17 "6,  no  change  of  volume  being  supposed  to  accompany 
the  admixture  of  the  metals. 

11.  If  the  specific  gravity  of  zinc  be  6-88,  and  that  of  copper  be 
8-92,  how  much  of  each  must  be  taken  in  order  to  obtain  100  gm,  of 
an  alloy  of  the  two  metals  whose  specific  gravity  is  8-41  ? 

12.  Determine  the  volumes  of  two  liquids,  the  densities  of  which 
are  1-2  and  -8  respectively,  which  must  be  mixed  in  order  to  obtain  a 
mixture  of  8  volumes  whose  density  is  -95. 

13.  If  equal  volumes  of  two  liquids  be  mixed,  a  mixture  is  obtained 
the  specific  gravity  of  which  is  1'12.  If,  however,  two  volimies  of 
one  liqiud  are  added  to  one  volume  of  the  other,  the  specific  gravity 
of  the  mixture  is  1*16.     Find  the  specific  gravities  of  the  two  liquids. 

14.  If  a  volume  i\  of  a  liquid  whose  specific  gravity  is  Sj  be  mixed 
with  a  volume  v^  of  a  liquid  whose  specific  gravity  is  $2,  and  the 
specific  gravity  of  the  mixture  is  «,  find  the  change  of  volume. 

15.  When  eqtial  volumes  of  two  substances  are  mixed  together,  the 
specific  gravity  of  the  mixture  is  4  ;  when  equal  weights  of  the  same 
substances  are  mixed  together,  the  specific  gravity  of  the  mixture 
is  3.     Find  the  specific  gravities  of  the  two  substances. 

16.  A  mixtiire  has  to  be  made  by  taking  m  parts  by  weight 
of  one  substance  and  n  parts  by  weight  of  another.  Instead  of  this, 
»i  parts  by  volume  of  the  first  and  n  parts  by  volume  of  the  second 
are  taken.  Show  that  the  specific  gravity  of  the  mixture  is  gi'eater 
than  if  the  proper  proportions  were  taken. 

17.  The  specific  gravity  of  a  mixture  of  two  different  liquids  being 
supposed  to  be  an  arithmetic  mean  between  those  of  the  component 
liquids,  required  the  ratio  of  the  volumes  of  the  latter  contained  in 
the  mixture. 

18.  If  equal  weights  of  two  different  substances  be  mixed,  show 
that  the  specific  gravity  of  the  mixture  is  the  harmonic  mean  of  the 
specific  gravities  of  the  component  substances.* 

*  X  is  said  to  be  the  harmonic  mean  between  a  and  6  if  2/a;  =  l/a+1/6. 
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EXAMINATION  PAPER  I. 

1.  DeGne  a^uid.  What  are  the  distinguishing  features  of  liquids 
and  gases  ?    What  is  a  powder,  a  soft  solid,  a  viscous  fluid  ? 

2.  Define  density  and  specific  gravity.     How  are  they  measured? 

3.  Find  the  density  of  the  standard  substance,  water,  when  1  metre 
and  1  kilog.  are  the  units  of  length  and  mass,  respectively. 

4.  What  is  the  weight  of  10  cub.  ft.  of  a  substance  whose  specific 
gravity  is  6*4  ? 

5.  Show  how  to  find  the  specific  gravity  of  a  mixture  when  the 
volimies  and  specific  gravities  of  the  components  are  given. 

6.  500  cub.  cm.  of  a  gas  whose  density  is  14  are  mixed  with 
200  cub.  cm.  of  a  gas  whose  density  is  16,  and  the  mixture  occupies 
510  cub.  cm.     Find  its  density. 

7.  Equal  volimies  of  alcohol  (specific  gravity  =  -796)  and  water  are 
mixed,  and  the  specific  gra\dty  of  the  mixture  is  found  to  be  '938. 
Find  the  percentage  diminution  of  voliune. 

8.  Weights  W^,  W^  of  two  substances  whose  specific  gravities  are, 
respectively,  «i,  s.2  are  mixed  together,  and  the  volume  of  the  mixture 
is  found  to  be  less  than  the  combined  volumes  in  the  ratio  of  r  :  1. 
Find  the  specific  gravity  of  the  mixture. 

9.  If  zinc  (specific  gravity  =  7)  and  copper  (specific  gravity  =  8-8) 
are  mixed  in  the  proportion  of  2  :  5  by  weight,  find  the  specific 
gravity  of  the  mixture. 

10.  How  much  tin  (specific  gravity  =  7'3)  must  be  mixed  with 
5  oz.  of  antimony  (specific  gravity  =  6  -7)  so  that  the  specific  gravity 
of  the  mixtiire  may  be  7"2  l* 


HYDUO. 


CHAPTER    IV. 


DIRECT  DETERMINATION   OF   DENSITIES. 
THE    SPECIFIC    GRAVITY   BOTTLE. 

28.  To  find  the  density  and  specific  gravity  of  a 
solid  or  liquid  by  direct  measurements. — If  the  shape 
of  a  solid  body  is  any  one  of  the  solid  figures  treated  in 
Mensuration,  its  volume  can  be  found  by  direct  measure- 
ments of  its  size. 

The  mass  of  the  solid  can  be  found  by  weighing  with 
a  common  balance.  By  dividing  the  mass  by  the 
volume,  the  mass  per  unit  volume  is  found,  and  this  is 
the  required  density  of  the  solid.  If  the  C.Gr.S.  system 
is  used  in  measuring  and  weighing  the  solid,  its  specific 
gravity  is  equal  to  its  density  (§  17).  If  not,  the  calcu- 
lated density  must  be  divided  by  the  density  of  water  (in 
terms  of  the  chose u  units  of  length  and  mass)  in  order  to 
obtain  the  specific  gravity. 

In  order  to  find  the  density  of  a  liquid  by  this  method,  a 
vessel  must  be  taken  whose  capacity  must  be  calculated 
from  direct  measurements  of  its  interior.  The  vessel 
must  then  be  placed  in  the  scale-pan  of  a  balance  and 
weighed  empty.  If  it  be  now  filled  with  liquid  and  again 
weighed,  the  difference  of  the  weights  when  empty  and 
when  full  determines  the  mass  of  the  liquid  filling  the 
vessel. 

Dividing  this  by  the  calculated  capacity,  the  density  of 
the  liquid  is  found  as  before. 

29.  The  specific  gravity  bottle  is  much  used  for 
finding  the  specific  gravities  of  solids  and  liquids.  It  is 
constructed  for  the  purpose  of  weighing  exactly  equal 
volumes  of  diiferent  liquids,  and  it  consists  of  a  glass 
flask  having  a  tightly  fitting  stopper  through  which  a 
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very  fine  hole  (ab)  is  bored.  In  using  the  bottle,  it  is 
completely  filled  with  the  liquid  to  be  weighed,  and  the 
stopper  is  then  pushed  in  till  it  reaches  a  certain  mark 
(P)  on  the  neck  of  the  bottle.  The  superfluous  liquid 
overflows  through  the  hole  ab,  and  is  wiped  off ;  so  the 
bottle,  when  filled  in  this  way,  always  contains  the  same 
volume  of  liquid. 

To  obviate  the  necessity  of 
allowing  for  the  weight  of  the 
bottle  in  every  observation,  a 
counterpoise  is  provided,  whose 
weight  is  exactly  equal  to  that 
of  the  bottle.  This  counterpoise 
is  usually  a  little  metal  case 
containing  small  shot,  and  its 
weight  is  adjustable  by  adding 
or  subtracting  shot. 

When  the  bottle,  filled  with 
liquid,  is  placed  in  one  of  the 
scale-pans  of  a  balance,  the 
counterpoise  is  placed  in  the 
other  pan  in  addition  to  the  weights  used  in  weighing. 
Since  the  counterpoise  balances  the  weight  of  the  bottle, 
the  additional  weights  give  the  weight  of  the  contained 
liquid  alone. 


Fig.  3. 


30.  To  find  the  specific  gravity  of  a  liquid  by 
means  of  the  specific  gravity  bottle.  —  The  process 
is  as  follows : — 

(i.)  Adjust  the  weight  of  the  counterpoise  (if 
necessary)  till  it  balances  the  bottle  when  empty. 

(ii.)  Fill  the  bottle  with  water^  carefully  insert  the 
stopper,  and  weigh,  placing  the  coanterpoise  in  the 
scale-pan  containing  the  weights. 

(iii.)  Fill  the  bottle  with  the  liquid  whose  specific 
gravity  is  required,  carefully  insert  the  stopper,  and 
again  weigh,  as  before. 
The  second  process  gives  the  weight  of  the  water  con- 
tained in  the  bottle.     The  third  process  gives  the  weight 
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of  an  equal  vclume  of  the  given  liquid.  Dividing  the 
latter  by  the  former,  the  specific  gravity  of  the  liquid  is 
found. 

Example. — A  flask  weighs  7'2  gm.  when  empty,  53-45  gm.  when 
filled  with  sulphuric  acid,  and  32-2  gm.  when  filled  with  water.  To 
find  the  specific  gravity  of  sulphuric  acid. 

Weight  of  sulphuric  acid  =  53-45  — 7*2  gm.  =  46-25  gm.  ; 

weight  of  equal  volume  of  water  =  32'2   —7-2  gm.  =  25*0    gm. 

.*.  specific  gravity  of  sulphuric  acid  =  46-25-^25  =    1*85. 

When  the  counterpoise  has  been  made  equal  in  weight 
to  the  empty  bottle  its  weight  is  never  altered. 

Moreover,  specific  gravity  bottles  are  usually  constructed 
to  hold  10,  20,  25,  50,  or  100  gm.,  or  250,  500,  or  1000 
grains  of  water,  and  when  this  is  the  case  there  is  no  need 
to  weigh  the  bottle  when  filled  with  water. 

31.  To  find  the  specific  gravity  of  a  solid  by  the 
original  method  of  Archimedes. 

In  order  to  find  the  specific  gravity  of  a  solid,  it  is 
necessary — 

(i.)  To  weigh  the  solid. 

(ii.)  To  find  the  weight  of  an  equal  volume  of  water. 

Now  let  any  vessel  be  filled  to  the  brim  with  water, 
and  let  the  solid  be  then  immersed  in  it.  A  quantity  of 
liquid  equal  in  volume  to  the  solid  will  overflow.  Let 
this  liquid  be  weighed.  Then  the  weight  of  the  solid 
divided  by  this  weight  gives  the  specific  gravity  required. 

This  property  was  discovered  by  Archimedes,  a  mathematician 
of  Syracuse,  in  Sicily,  where  he  flourished  about  250  B.C.  Hiero,  the 
king  of  Syracuse,  had  given  to  a  goldsmith  a  certain  weight  of  gold 
to  be  made  into  a  crowTi.  Siispecting  that  a  portion  of  the  gold  had 
been  replaced  by  an  equal  weight  of  alloy,  the  king  applied  to  Archi- 
medes for  a  test.  While  thinking  the  matter  over,  Archimedes 
chanced  to  enter  his  bath,  where  it  occuiTcd  to  him  that  he  displaced 
a  quantity  of  water  equal  to  the  volimie  of  his  body.  This  suggested 
that,  if  the  crown  contained  an  alloy  of  less  specific  gravity  than  the 
gold,  it  would,  when  immersed  in  water,  displace  a  gi-eater  quantity 
of  water  than  a  crown  of  pure  gold  and  of  the  same  weight.  Wlien 
the  experiment  was  made,  the  king's  suspicions  were  justified. 
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32.  To  find  the  specific  gravity  of  a  solid  sub- 
stance insoluble  in  water,  by  means  of  the  specific 
gravity  bottle. 

(i.)  Weigh  the  solid. 

(ii.)  Fill  the  specific  gravity  bottle  with  water,  and 
place  it,  together  with  the  solid,  in  one  of  the  scale-pans 
of  a  balance,  and  weigh. 

(iii.)  Take  the  solid  and  insert  it  in  the  bottle.  A 
quantity  of  water  will  overflow  whose  volarae  is  equal  to 
that  of  the  solid,  and  the  volume  of  water  in  the  bottle 
will  be  less  than  before  by  the  volume  of  the  solid.  If, 
therefore,  the  bottle  containing  the  solid  and  water  be 
again  weighed,  their  total  weight  will  be  less  than  before 
by  the  weight  of  the  displaced  water.  Dividing  the 
weight  of  the  solid  by  the  latter  weight,  the  required 
specific  gravity  of  the  solid  is  found. 

The  specific  gravity  bottle  can  only  be  used  to  find  the 
specific  gravity  of  a  solid  substance  when  broken  up  into 
fragments  sufficiently  small  to  go  into  the  bottle.  It  is, 
therefore,  particularly  useful  in  finding  the  specific  gravi- 
ties of  powders — e.gr.,  sand. 

Examples. — (1)  The  weight  of  a  solid  is  13  gm.  When  the  specific 
gravity  bottle  is  filled  with  water,  its  weight,  together  with  that  of  the 
solid,  is  63  gm.  Wlien  the  solid  is  put  into  the  bottle,  the  combined 
weight  is  .53  gm.     To  find  the  specific  gravity  of  the  soM. 

After  the  solid  is  dropped  into  the  bottle,  the  volume  of  water  in 
the  bottle  is  less  than  it  was  before  by  an  amount  equal  to  the  volume 
of  the  solid. 

Hence  the  difference  of  weights,  63  —  53  or  10  gm.,  equals  the 
weight  of  a  quantity  of  water  equal  in  volume  to  the  solid. 

But  the  weight  of  the  solid  is  13  gm,  ; 

.'.     specific  gravity  of  solid  =  -^  =  1-3. 

(2)  The  weight  of  a  quantity  of  powder  (insoluble  in  water)  is  p. 
The  weight  of  a  specific  gravity  bottle  filled  with  water  is  A,  and 
when  the  bottle  contains  the  powder  and  is  filled  with  water  it«  total 
weight  is  B.     To  find  the  specific  gravity  of  the  powder. 

Let  w  be  the  weight  of  water  whose  volume  is  equal  to  that  of  the 
powder. 


38  HYDROSTATICS. 

Then,  before  the  powder  is  placed  in  the  bottle,  the  total  weight  of 
the  powder,  bottle,  and  water  =  p  +  A. 

When  the  powder  is  placed  in  the  flask  it  displaces  a  quantity  of 
water  equal  in  volume  to  the  powder,  whose  weight  is  w. 

Therefore  the  total  weight  £  is  less  than  before  by  w,  that  is, 

£  =  p  +  A—w; 

.'.     w  =  p  +  A—B. 

p  ,  weight  of  powder  p 

.-.     sp.   gr.  ot  powder  =  — r-^, — ^7 *— r^ — :; r  = . 

weight  of  water  displaced     p  +  A  —  li 

Hence,  ii  p,  A,  and  £  are  known,  the  specific  gravity  can  be 
found.  Notice  that  it  is  not  necessary  to  know  the  weight  of  the 
specific  gravity  bottle  itself. 


Summary. 

1.  With  the  specific  gravity  bottle,  the  specific  gravity  of  a  liquid 

_  weight  of  liquid  which  fills  the  bottle 
weight  of  water  which  fills  the  bottle* 

2.  Archimedes  discovered  that  when  a  solid  is  immersed  in  Hquid  it 
displaces  an  equal  volume  of  liquid. 

3.  To  find  the  specific  gravity  of  a  solid, 

(i.)  Weigh  the  solid  ; 

(ii.)  Weigh  the  specific  gravity  bottle  full  of  water  ; 
(iii.)  Drop  in  the  solid   and  weigh  again. 
Hence  calculate  weight  of  water  which  overflows  at  third  observa- 
tion.    Then 

weight  of  solid 


specific  gravity  of  solid  = 


weight  of  water  displaced 


EXAMPLES  rv. 

1.  A  rectangular  block  of  marble  whose  length  is  75  cm.,  width 
50  cm.,  and  depth  25  cm.,  weighs  266 j  kilog.     Eind  its  density. 

2.  Describe  the  process  of  determining  the  specific  gravity  of  a 
liquid  by  means  of  a  specific  gravity  bottle,  and  show  how  the 
capacity  of  the  bottle  may  be  found  by  fiUiug  it  with  liquid  of  known 
density. 
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3.  Define  density.  A  specific  gravity  bottle,  completely  full  of 
water,  weighs  38 "4  gm.  ;  and,  when  22 "3  gm.  of  a  certain  solid  have 
been  introduced,  it  weighs  49*8  gm.  Calculate  the  density  of  the 
solid,  explaining  clearly  why  the  result  is  density  in  accordance  with 
your  definition,  and  also  why  the  second  weighing  differs  from  the 
first  by  less  than  the  weight  of  the  introduced  solid. 

4.  If  water  be  taken  as  the  standard  substance,  a  cubic  foot  of 
which  weighs  1000  oz.,  what  is  the  specific  gravity  of  a  substance  of 
which  16  cub.  yds.  weigh  84f  tons? 

6.  If  water  be  taken  as  the  standard  substance,  a  cubic  foot  of 
which  weighs  1000  oz.,  what  is  13ie  specific  gravity  of  a  substance  of 
which  27  cub.  ins.  weigh  10  drs.  ? 

6.  The  weight  of  a  specific  gravity  bottle  when  empty  is  42  gm., 
and  when  full  of  water  and  glycerine,  respectively,  its  weight  is 
222  gm.  and  292  gm.     Find  the  specific  gravity  of  glycerine. 

7.  A  specific  gravity  bottle  full  of  water  weighs  44  gm. ;  and  when 
some  pieces  of  iron  weigliing  10  gm.  in  air  are  introduced  into  the 
bottle,  and  the  bottle  again  fiUed  up  with  water,  the  combined  weight 
is  52-7  gm.     What  is  the  specific  gravity  of  the  iron  ? 

8.  A  specific  gravity  bottle  weighs  500  gm.  when  full  of  water ; 
60  gm.  of  a  given  powder  is  put  into  the  bottle,  which  is  filled  up 
with  water,  and  the  whole  weighs  530  gm.  Wliat  is  the  specific 
gravity  of  the  powder  ? 

9.  How  much  mercury  of  density  13*6  will  be  required  to  fill  a 
tube  whose  length  is  20  cm.  and  mean  section  -015  sq.  cm.  ? 

10.  Find  the  mean  section  of  a  tube  28  cm.  long  which  holds  1  gm. 
of  glycerine  of  density  1-26. 

11^  A  pound  of  iron  is  to  be  drawn  into  wire,  having  a  diameter 
of  -05  in.  What  length  will  it  yield,  the  specific  gravity  of  iron 
being  7 "6? 

12.  The  weight  of  a  flask  when  empty  is  tv,  when  filled  with  wator 
its  weight  is  A,  and  when  filled  with  a  certain  liquid  it«  weight  is  Ji. 
What  is  the  specific  gravity  of  the  liquid  ? 


CHAPTER      V. 


FLOTATION— THE  PRINCIPLE  OF  ARCHIMEDES. 
THE   HYDROSTATIC   BALANCE. 

We  now  come  to  certain  methods  of  finding  specific 
gravities  which  depend  on  measuring  the  forces  that  a 
fluid  exerts  on  an  immersed  solid. 

33.  Buoyancy. — When  a  body  lighter  than  water  is 
dropped  into  water,  it  floats  at  the  top  of  the  water.  If, 
however,  the  body  is  heavier  than  water,  it  sinks  to  the 
bottom.  This  is  a  fact  which  we  know  from  everyday 
experience.  Thus  a  cork  floats  on  water  while  a  stone 
sinks  to  the  bottom.  If  we  push  a  cork  down  under 
water,  it  will  again  rise  to  the  surface,  though  the  force  of 
gravity  on  it  acts  downwards. 

Therefore  we  can  infer  that  a  fluid  is  capable  of 
exerting  an  upward  force  or  thrust  tending  to  lift  any 
immersed  body  to  the  surface. 

We  commonly  speak  of  this  action  as  due  to  the 
buoyancy  of  the  fluid.  The  upward  force  is  really 
produced  by  the  pressure  which  the  fluid  exerts  against 
the  surface  of  the  solid.  We  shall  now  investigate 
the  amount  of  this  force  by  a  simple  application  of  the 
Principle  of  Work,  leaving  a  fuller  discussion  of  the 
pressures  of  fluids  on  immersed  or  floating  bodies  till 
Chap.  XIII.* 

34.  To  find  the  upward  force  which  a  heavy  fluid 
sxerts  on  an  immersed  body. 

When  a  body  of  volume  V  sinks  in  a  fluid,  an  equal 
volume  V  of  the  fluid  is  displaced  to  make  room  for  it 
(§  31).  As  the  body  sinks,  this  fluid  is  raised,  and  hence 
work  must  be  done  against  its  weight.     And  in  sinking 

*  The  student  who  has  not  read  the  Principle  of  Work  in  Dynamics  may  omit 
what  follows,  and  pass  on  to  the  statement  of  the  Principle  of  Archimedes  (§  35) 
leiying  on  the  experiments  of  §  39  to  establish  it. 
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from  A  (Fig.  4)  to  B  (Fig.  5) 
the  solid  displaces  the  fluid 
at  B,  and  fluid  rises  and  fills 
the  space  F  at  y4. 

He!ice  the  solid  in  sinking 
through  a  vertical  height  h 
must  do  work  against  the  re- 
action of  the  fluid  sufficient 
fco  raise  an  equal  volume   V 

of    fluid   through   an    equal  ^^&-  ^-  ^^-  ^• 

height  h. 

Hence,  if  R  be  the  reaction  of  the  fluid,  we  have,  by 
equating  the  works  done, 

Bxh  =  (weight  of  volume  V of  fluid)  x  h  ; 
.'.     R  =  weight  of  volume  V  of  fluid, 
or  upward  thrust  of  fluid  on  solid 

=  weight  of  fluid  equal  in  volume  to  the  solid 
=  weight  of  fluid  displaced  by  the  solid. 

35.  The  Principle  of  Archimedes. — The  principle 
proved  above  is  known  as  the  Principle  of  Archimedes,* 

and  is  generally  stated  thus : — 

A  solid  immersed  in  fluid  loses  as  much  of  its  weight  as  is 
equal  to  the  lueight  of  the  fluid  which  it  displaces. 

Example. — The  upward  thrust  on  a  body  of  volume  8  cub.  ft. 
totally  immersed  in  water 

=  wt.  of  8  cub.  ft.  of  water  =  8000  oz.  =  500  lbs. 
In  the  case  of  sea  water  (p.  20)  the  thrust  =  8  x  64  lbs.  =512  lbs.  wt. 

36.  Case  of  a  floating  body. — If  the  weight  of  a 
solid  is  less  than  the  upward  thrust  due  to  the  weight 
of  the  fluid  displaced,  the  solid  rises  till  it  floats. 

When  the  solid  is  only  partially  immersed  (Fig.  6),  the 
space  which  it  occupies  is  divided  into  two  parts  U,  V  by 
AB,  the  plane  of  the  surface  of  the  fluid. 

It  is  clear  that  no  fluid  is  displaced  by  the  upper  por- 
tion    Z7,   nor  does    the    fluid    exert    any  pressure  on    this 

*  Whether  Archimedes  used  this  principle  in  experimenting  with  the  crown  of 
Hiero  (§  31),  or  discovered  it  later,  is  uncertain. 
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portion.       Hence    the    fluid 

displaced   is  the  fluid   which  .^ 

would     fill    the    submerged  /^  X 

portion    F,  and  is   less   than  Af_ ^_ \a 

the  whole  volume  of  the  solid.  '^"=^^^'^^^1  ^  l^~^==^ 

The    solid    therefore    comes     __       N^^  ^^^~zzi~' 

into  a  position  of  equilibrium      "^^ ^__J~  ^^=^ 

in  which    the    weight    of   the 

fluid   displaced  (V)  is    equal  ^[^r,  q, 

to  the  weight  of  the  solid. 

Example. — To  find  the  weight  and  specific  gravity  of  a  body  of 
volume  ^  cub.  ft.,  which,  when  attached  to  5  cub.  ft.  of  cork 
(sp.  gr.  -24),  floats  with  1  cub.  ft.  of  the  whole  projecting. 

Total  wt.  supported  =  wt.  of  4^  cub.  ft.  of  water  displaced  =  4500  oz. 

But  wt.  of  5  cub.  ft.  of  cork  =  5  x  -24  x  1000  oz.  =  1200  oz.; 

.-.  wt.  of  body  =  4500-1200  oz.  =  3300  oz.  =  206ilb8.; 
and  sp.  gr.  of  body  =  3300/500  =  6-6. 

37.  Equilibrium  of  immersed  bodies. — An  immersed 
body  is  always  acted  on  by  two  forces  : 

1st.  The  weight  of  the  body  acting  downwards. 

2nd.  The  thrust  of  the  fluid  acting  vertically  upwards 
and  equal  to  the  weight  of  the  fluid  displaced. 

If  the  weight  of  the  solid  exceeds  that  of  the  fluid 
displaced,  the  body  will  sink.  To  support  it,  we  must 
suspend  the  body  by  a  string,  whose  tension 

=  weight  of  solid  —  weight  of  fluid  displaced. 

Cor.  Hence  a   solid   placed  in  fluid  will  sink  or  float 
according  as  the  solid  or  the  fluid  has  the  greater  density. 
[For  illustrative  examples,  see  p,  46.] 

38.  The  Hydrostatic  Balance.  —  When  a  common 
balance  is  adapted  for  weighing  bodies  suspended  in 
fluid,  it  is  called  a  Hydrostatic  Balance  (Fig.  7).  The  only 
difference  between  a  hydrostatic  balance  and  an  ordinary 
pair  of  scales  is  that  one  of  the  scale-pans  in  the  former 
is  at  a  sufficient  height  to  allow  a  vessel  of  fluid  to  be 
placed  under  it,  and  has  a  hook  on  its  under  side  from 
which  any  small  solid  may  be  suspended  by  means  of  a 
fine  wire,  and  weighed  when  immersed  in  the  fluid. 
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39.  To  verify  the  Principle  of  Archimedes  by 
experiments  with  a  Hydrostatic  Balance. 

Experiment  I.  —  (i.)  Take  two  brass  cylinders,  one 
hollow,  the  other  solid  and  of  such  a  size  as  just  to  fit 
into  the  first.  Suspend  them  from  the  scale  pan  of  the 
hydrostatic  balance,  the  hollow  one  uppermost,  and  weigh. 

(ii.)  Now  let  the  solid  cylinder  be  immersed  in  water 
and  the  two  again  weighed  ;  they  will  be  found  to  be 
considerably  lighter  than  before. 

(iii.)  Lastly,  let  the  upper  cylinder  be  filled  with  water 
and  the  two  weighed,  the  lower  cylinder  still  being 
immersed.  It  will  be  found  that  their  combined  weight 
is  exactly  the  same  as  at  the  first  observation. 


Fig.  7. 


Since  the  lower  cylinder  exactly  fits  the  upper,  the 
volume  of  the  water  in  the  upper  cylinder  is  exactly  eqnal 
to  the  volume  of  the  lower  cylinder. 

Hence  the  apparent  loss  of  weight  when  the  lower 
cylinder  is  immersed  in  water  is  exactly  eqnal  to  the 
weight  of  an  equal  volume  of  water,  ihat  is,  to  the  weight 
of  the  fluid  displaced. 
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Experiment  IT. — (i.)  Take  a  vessel  or  flask  (sucli  as  a 
specific  gravity  bottle).  Place  in  it  any  body,  fill  it  up 
with  water,  and  weigh  it  in  the  scale-pan  of  the  hydro- 
static balance. 

(ii.)  Take  the  body  out  of  the  flask  and  hang  it  from 
below  the  scale-pan  by  means  of  a  fine  thread,  so  that  it 
is  immersed  in  a  vessel  of  water.  Fill  the  flask  up  with 
water  again,  place  it  in  the  scale-pan,  and  weigh.  It 
will  be  found  that  exactly  the  same  weights  have  to  be 
placed  in  the  opposite  scale-pan  as  before. 

-Now,  when  the  solid  is  removed  from  the  flask,  an 
additional  volume  of  water  equal  to  that  displaced  by  the 
solid  has  to  be  poured  in  to  fill  the  flask  up.  Hence  the 
weight  of  the  flask  and  of  the  water  in  it  is  greater  than 
before  by  the  weight  of  the  water  displaced  by  the  solid. 
Therefore  part  of  the  weight  of  the  solid  is  supported  by 
the  reaction  of  the  water,  and  this  reaction  is  equal  to  the 
weight  of  the  fluid  displaced. 

40.  To  verify  the  Principle  of  Archimedes  by- 
experiments  with  floating  bodies. 

Take  any  open  vessel  filled  to  the  brim  with  water. 
Take  any  body  which  is  lighter  than  an  equal  volame  of 
water,  and  gently  lower  it  into  the  water  until  it  floats. 
A  quantity  of  water  will  overflow  out  of  the  vessel,  whose 
volume  is  equal  to  that  of  the  immersed  portion  of  the 
solid.  Let  this  water  be  weighed  ;  then  its  weight  will  be 
found  to  be  equal  to  that  of  the  solid. 

Hence,  when  a  solid  floats  in  equilibrium,  the  weights 
of  the  solid  and  of  the  fluid  displaced  are  equal. 

41.  Effect  of  density  of  fluid.  —  In  order  to  prove 
the  principle  perfectly  generally  it  would  be  necessary  to 
repeat  the  above  experiments,  using  different  liquids. 
When  this  is  done,  it  is  found  that  in  every  case  the  loss 
of  weight  on  immersion  is  equal  to  the  weight  of  the 
fluid  displaced.  Since  this  is  proportional  to  its  density, 
it  follows  that  the  reaction  of  a  fluid  on  a  given  im- 
mersed body  is  proportional  to  the  density  of  the  fluid. 
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Examples. — (1)  A  ship,  weighing  1000  tons,  rises  2  ins.  out  of  the 
water  in  going  from  fresh  water  into  sea  water  of  specific  gravity 
1-025.  How  much  more  will  the  ship  rise  in  the  sea  when  10  tons 
of  coal  have  been  burnt  ? 

Let  the  volume  of  1  ton  of  fresh  water  =  v. 

Then  the  volume  of  1  ton  of  sea  water  =  «;/1025 
(not  r02ov,  because,  sea  water  being  heavier  than  fresh  water,  a  ton 
occupies  less  volume). 

Now  the  weight  of  the  ship  is  always  equal  to  the  weight  of  the 
liquid  displaced.     Hence  the  following  results  : — 

Sp.gr.     Wt.  displaced.   Vol.  displaced . 

In  fresh  water 1-000  1000  tons  lOOOv 

In  sea  water 1-025  1000  tons         1000t;/1025 

Afterburning  10  tons  coal...     1-025  990  tons  990«7/l-025 

Hence  the  volumes  which  rise  out  of  the  water  in  changing  to  sea 
water,  and  when  10  tons  of  coal  have  been  burnt,  are  respectively 

lAAn       lOOOv         ,     lOOOv       990t;      ..    .  .        25v  ,       lOv 

lOOOv and ,    that  is,    —  and -. 

1-025  1-025       1-025'  '    1-025  1-025 

These  volumes  are  approximately  proportional  to  the  corresponding 
heights  ;  hence,  if  x  ins.  is  the  height  risen  in  the  second  case, 
2  :  a;  =  25  :  10,    whence    x  =  |§. 
Therefore  the  ship  rises  ^  of  an  inch. 

(2)  Apiece  of  lead  of  specific  gravity  11-35,  weighing  567-5  grs., 
is  placed  on  the  top  of  a  block  whose  weight  is  100  grs.,  and  the  two 
together  are  suspended,  totally  submerged  in  water,  by  a  string.  If 
the  tension  of  the  string  be  217-6  grs.  wt.,  find  the  specific  gravity 
of  the  block. 

Let  the  weights  of  the  bodies,  the  weights  of  equal  volumes  of 
water,  and  the  specific  gravities  be  given  by  the  table : 

Wt.  in  air.   Wt.  of  equal  vol.  water.      Sp.gr. 

Lead  667-5  grs.  JF^  11-35 

Block lOO     grs  JF2  ^ 

Two  together    ...  667*5  grs.  TT 

To  find  JF,  we  observe  that  the  tension  of  the  string  when  the 
bodies  are  suspended  in  water  is  less  than  their  total  weight  by  the 
total  weight  of  water  displaced,  i.e.,  by  W.     Hence 

217-5  =  667-5- ?r    whence     ?r  =  450  grs. ; 

To  find  JFi :  we  have 

«,     1  wt.  of  lead  ,,  oc       567-5 

sp.  gr.  of  lead  =  — — — ; -,    or    11-35  =  —— - 

wt.  of  water  displaced  JF^ 

'.     JFi  =  567-5^11-35  =  50  grs. 
To  find  1F^:  W  =  W^+W^\ 

.-.     TTj  =  Jr-TTi  =  450-50  =  400  grs. 
Finally,  required  specific  gravity  of  block  is 

wt.  of  block  100       1      ^^    .^- 

z  =  ■ ^  —  =  y,     or     Zo. 

wt.  of  displaced  water       400 
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SUMMAEY. 

Tlie  Principle  of  Archimedes  asserts  that  a  heavy  fluid  exerts  an 
upward  reaction  on  an  immersed  or  floating  solid  equal  to  the  weight 
of  fluid  displaced  by  the  solid. 

If  the  solid  floats ,  the  weight  of  the  displaced  fluid  equals  that  of 
the  solid,  but  its  volume  is  only  equal  to  that  of  the  submerged 
portion. 


EXAMPLES  V. 

1.  It  is  required  to  determine  with  great  accuracy  the  weight  of  a 
cubic  centimetre  of  water,  and  it  would  be  very  difficult  to  construct 
a  vessel  whose  internal  capacity  is  exactly  1  cub.  cm.  Can  you  sug- 
gest any  alternative  plan  ? 

2.  A  ship  is  said  to  draw  more  water  in  a  river  than  at  sea.  If 
this  be  so,  what  is  the  reason  ? 

3.  A  man  weighing  160  lbs.  floats  with  4  cub.  ins.  of  his  body 
above  the  surface.     What  is  his  volume  in  cubic  feet  ? 

4.  A  cube  of  wood,  whose  edge  is  10  ins.  and  specific  gravity  -8, 
floats  in  water.  What  weight  must  be  placed  on  it  in  order  to  just 
totally  immerse  it  ? 

5.  A  cube  of  wood  floating  in  water  descends  1  in.  when  a  weight 
of  270  oz.  is  placed  upon  it.     Find  the  size  of  the  cube. 

G.  A  cylinder  weighing  1  lb.,  floating  in  water  with  its  axis 
vertical  and  each  of  its  ends  horizontal,  requires  a  weight  of  4  oz.  to 
be  placed  on  its  upper  surface  to  depress  it  to  the  level  of  the  water. 
Find  the  specific  gravity  of  the  cylinder. 

7.  What  is  the  specific  gravity  of  a  substance  a  cubic  foot  of  which 
will  just  float  in  water  when  attached  to  a  cubic  foot  of  cork  of 
specific  gravity  -2  ? 

8.  What  is  the  specific  gravity  of  a  metal  a  cubic  foot  of  which 
will  just  float  in  glycerine  of  specific  gravity  1"25  when  attached  to 
6  cub.  ft.  of  cork  of  specific  gravity  *24  ? 
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9.  How  many  cubic  feet  of  cork  of  specific  gravity  -24  must  be 
attached  to  1  cub.  ft.  of  glass  of  specific  gravity  2*9,  in  order  that  the 
whole  may  float  in  water  just  immersed  ? 

10.  A  solid  of  which  the  volume  is  1-6  cub.  cm.  weighs  3  4  gm.  in 
a  fluid  of  specific  gravity  -85.  Find  the  specific  gravity  and  weight 
of  the  substance. 

11.  A  piece  of  cork  whose  weight  is  19  oz.  is  attached  to  a  bar  of 
silver  weighing  63  oz. ,  and  the  two  together  just  float  in  water.  The 
specific  gravity  of  silver  is  10*5  times  that  of  water.  Find  the  specific 
gravity  of  the  cork. 

12.  A  body,  whose  mass  is  10  lbs.  and  specific  gravity  -75,  dips 
into  water,  and  is  supported  partly  by  the  buoyancy  of  the  water  and 
partly  by  the  tension  of  an  attached  string  wliich  passes  over  a  smooth 
pulley,  and  carries  at  its  other  end  a  mass  of  2  lbs.  hanging  freely  in 
the  air.  Find  what  fraction  of  the  volume  of  the  first  body  is 
immersed. 

13.  A  piece  of  iron  weighing  275  gm.  floats  in  mercury  of  density 
13*59  with  five-ninths  of  its  volume  im.mersed.  Determine  the  volume 
and  the  density  of  the  iron. 

14.  An  earthenware  box  and  its  lid  form  a  hollow  cube  which 
floats  just  immersed  in  water.  The  thickness  of  the  material  is  on 
all  sides  one- eighth  of  an  edge  of  the  cube.  Find  the  specific  gravity 
of  the  earthenware. 

15.  Describe  experiments  to  prove  that  the  upward  force  which  a 
fluid  exerts  on  an  incompressible  solid  immersed  in  it  depends  only 
on  the  bulk  of  the  body,  the  density  of  the  fluid,  and  the  intensity  of 
gravity,  and  is  independent  of  the  depth  of  immersion  and  of  the 
shape  of  the  body.  What  difference  would  it  make  if  the  body  were 
readily  compressibla? 

16.  A  stone  of  specific  gravity  4  is  dropped  from  a  height  of  16  ft. 
above  the  surface  of  a  lake  36  ft.  deep.  Supposing  no  sudden  change 
of  velocity  takes  place  at  the  surface  of  the  water,  in  what  time  will 
the  stone  reach  the  bottom  of  the  lake  ? 
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EXAMINATION  PAPER  II. 

1.  15  cub.  ft.  of  a  Bubstance  "weigh  2ii  tons;  find  its  specific 
gravity. 

2.  A  cylinder,  whose  height  is  21  ins.  and  the  radius  of  whose  base 
is  8  ins.,  weighs  412^  lbs.  ;  find  its  density,     {v  =  ^■^.) 

3.  A  cone  of  lead  (specific  gravity  =  11*34),  whose  height  is  5  cm 
and  the  radius  of  whose  base  is  4  cm.,  balances  a  sphere  of  brass 
(specific  gravity  =  8-4).     Eind  the  radius  of  the  sphere. 

4.  Describe  the  method  of  using  the  specific  gravity  bottle  in 
finding  the  specific  gravities  of  liqidds  and  powders. 

5.  Enunciate  the  Principle  of  Archimedes. 

6.  A  specific  gravity  bottle  holds  154-5  gm.  of  a  liquid  whose 
specific  gravity  is  1*03,  and  108  gm.  of  ether;  find  the  specific 
gravity  of  ether. 

7.  A  specific  gravity  bottle  filled  with  water  weighs  36-8  gm.  A 
piece  of  spar  weighing  1-68  gm.  is  placed  in  it,  and  the  whole  now 
weighs  37*85  gm.     Eind  the  specific  gravity  of  the  spar. 

8.  100  gm.  of  a  certain  powder  are  placed  in  a  specific  gravity 
bottle  weighing  50  gm.  and  capable  of  holding  600  gm.  of  water. 
The  bottle  is  filled  with  ether  of  specific  gravity  '72,  and  the  whole  is 
then  found  to  weigh  474  gm.  Eind  the  specific  gravity  of  the  sub- 
stance forming  the  powder. 

9.  A  glass  globe,  weighing  100  gm.  when  exhausted  of  air,  holds 
2  litres  of  water  at  standard  temperature.  Eiill  of  air  it  weighs 
102-586  gm.,  and  full  of  hydrogen  it  weighs  100-1788  gm.  Eind  the 
specific  gravity  of  air  with  respect  to  water  and  hydrogen. 

10.  Give  a  short  account  of  the  Hydrostatic  Balance.  How  woidd 
you  use  it  to  verify  experimentally  the  Principle  of  Archimedes  ? 


CHAPTEE      VI. 


DETERMIlsrATION  OF  SPECIFIC  GRAVITIES  Br 
THE   HYDROSTATIC   BALANCE. 

42.  To  find  the  specific  gravity  of  a  solid  which 
is  heavier  than  an  equal  volume  of  water,  using 
the  hydrostatic  balance. 

(i.)  Let  the  solid  be  first  placed 
in  the  scale-pan  and  weighed  in  air. 

(ii.)   Let  the  solid  be  suspended        ^  ' 

in  water  by  a  very  fine  thread  at- 
tached to  the  scale-pan  of  the  balance 
and  again  weighed. 

By  the  Principle  of  Archimedes, 
the  difference  of  the  observed  weights 
in  air  and  water  is  the  weight  of  a  Fig.  8. 

quantity  of  water  equal  in  volume 

to  the  solid.     Dividing  the  weight  of  the  solid  by  this, 
the  specific  gravity  of  the  solid  is  found. 

Examples. — (1)  A  solid  weighs  15  gm.  in  air  and  5  gm.  in  water  ; 
to  find  its  specific  gravity. 

The  weight  in  water  is  less  than  in  air  by  the  weight  of   the 
water  displaced. 

.-.     weight  of  water  displaced  =  15  —  5  =  10  gm. 
Also  weight  of  solid  =15  gm.  ; 

.'.     specific  gravity  of  solid  =  \^  =  1-5. 

(2)  A  piece  of  gold  weighs  598-3  gm.  in  air,   and  567-3  gm.    in 
water  ;  to  fijid  its  volume  and  specific  gravity. 

Weight  of  water  displaced  =  598-3 -567-3  gm.  =  31  gm.  ; 
.-.     volume  of  gold  =  31  cub.  cm., 
and  specific  gravity  of  gold  =  598-3-r  31  =  19-3. 

HYDRO.  E 
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43.  To  find  the  specific  gravity  of  a  solid  whose 
weight   in    air   is    W  and   whose   weight   in   water 

is  r. 

The  weight  of  the  water  displaced 

=  (weight  of  solid  in  air)  —  (weight  in  water) 
=  W-F; 

weio'ht  of  solid 


specific  gravity  of  solid 


weight  of  water  displaced 
W 


W—P 


(1). 


When  the  weights  of  a  sohd  in  air  and  in  water  are  given,  it  would, 
of  course,  he  possible  to  write  down  the  specific  gravity  at  once  from 
this  formula,  but  it  is  far  better  to  proceed  as  in  the  preceding  examples. 


44.  To  find  the  specific  gravity  of  a  solid  which 
is  lighter  than  an  equal  volume  of  water. 

If  the  solid  were  suspended 
by   itself,  it   would   float   in  • 

water,  and  we  could  not  find  | 

the  weight  of  a  quantity  of 
water  equal  in  volume  to 
the  whole  solid.  To  remedy 
this,  a  heavy  piece  of  metal, 
called  a  sinl^er,  is  attached  to 
the  thread  which  supports 
the  body  to  be  weighed,  and 
this  keeps  the  body  under 
water. 

The  operations  are  best 
performed  in  the  following 
manner  : — 


Fig.  9. 


(i.)  Weigh  the  solid  in  air. 

(ii.)  Suspend  the  solid  and  sinker  together  from  the 
scale-pan  of  the  balance,  and  weigh  them  in  water 
(Fig.  9). 

(iii.)  Weigh  the  sinker  in  water. 
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The  weight  in  water  of  the  solid  and  sinker  combined 
is  less  than  the  weight  in  water  of  the  sinker  alone  by 
the  amount  of  the  total  resultant  upward  force  on  the 
solid.  This  force  is  the  excess  of  the  weight  of  water 
displaced  by  the  solid  over  the  weight  of  the  solid  itself. 
This  being  known  and  the  weight  of  the  solid  being  also 
known  from  the  first  observation,  the  weight  of  the 
water  displaced  is  found,  and  the  specific  gravity  of  the 
solid  can  be  found,  as  before. 

Examples. — (1)  A  solid  weighs  16  gm.  in  air.  When  attached  to  a 
sinker  and  immersed  in  water,  the  two  together  weigh  6  gm.  The 
weight  of  the  sinker  in  water  alone  is  10  gm.  To  find  the  specific 
gravity  of  the  solid. 

Here  the  weight  of  the  solid  and  sinker  in  water  together 
=  (weight  of  sinker  in  water)  +  (weight  of  solid  in  air) 

—  (weight  of  water  displaced  by  solid) 
=  6gm. 
But  weight  of  sinker  in  water  =10  gm., 

and  weight  of  solid  in  air  =  16  gm.  ; 

.-.     weight  of  water  displaced  by  solid  =  16  +  10  —  6  gm. 

=  20  gm.  ; 

.-.    specific  gravity  of  solid  =  — .  -T^^f — ^   ^^.    , r  =  i§  =  '8- 

weight  of  water  displaced 

45.  Tlie  weigflit  of  a  solid  in  air  is  TF,  the  weiglit  of  a 
sinker  in  water  is  A,  and  the  weight  of  the  solid  and 
sinker  together  in  water  is  b.  To  find  the  specific 
gravity  of  the  solid. 

Let  w  be  the  weight  of  the  water  displaced  by  the  solid.  Then 
we  have,  e^ddently, 

weight  of  solid  and  sinker  in  water  together 
=  (weight  of  sinker  in  water)  +  (weight  of  solid  in  air) 

—  (weight  of  water  displaced  by  solid) ; 
or  B  =  A+  W^w. 

Therefore,  by  transposition, 

to  =  A+  W-B. 
Hence  the  weight  of  the  water  displaced  by  the  solid  is  known,  and 
we  then  have 

.„  .        J!     Ti  weight  of  solid  W 

specific  gravity  of  solid  =  — .  .  .     ° — - — — — -. -^  =  ~ 

^  weight  of  water  displaced       w 

??— (a). 

.  W-k-A—B 


52  HYDROSTATICS. 

46.  To  find  the  specific  gravity  of  a  liquid  by- 
means  of  the  hydrostatic  balance. 

Take  any  solid  body  of  greater   specific   gravity   than 
either  the  liquid  or  water  (the  sinker  used  iu  the  experi- 
ments of  the  last  paragraph  would  do), 
(i.)   Weigh  the  solid  in  air. 

(ii.)  Weigh  it  in  the  given  liquid  whose  specific  gravity 
is  required. 

(iii.)  Weigh  it  in  water. 

The  difference  between  the  weights  in  air  and  in  the 
given  liquid  is  the  weight  of  the  liquid  displaced  by  the 
solid.  The  difference  between  the  weights  in  air  and  in 
water  is  the  weight  of  water  displaced.  And,  since  the 
volumes  displaced  in  both  cases  are  equal,  the  ratio  of 
their  weights  is  the  specific  gravity  of  the  liquid. 

Example. — To  find  the  Bpeciflc  gravities  of  glass  and  glycerine, 
from  the  following  data  : — - 

Weight  of  a  piece  of  glass  in  air  =10  grs., 

„  ,,  ,,  water        =  6  grs., 

,,  ,,  ,,  glycerine  =  5  grs. 

Here    weight  of  water  displaced  by  glass  =  10  —  6  =  4  grs., 
,,  glycerine    ,,  ,,       =10-5  =  5  grs., 

and  weight  of  glass  =10  gi's. 

.-.    specific  gravity  of  glycerine  =  ^^htol|lycerine  displaced 

weight  of  water  displaced 
=  1    =1-25; 
and  specific  gravity  of  glass  =  ^f-  =  2-5. 

47.  Having"  given  that  the  weight  of  a  body  in  air  is  tf, 
its  weight  in  water  is  jp,  and  its  weight  in  a  given 
liquid  is  Q,  to  find  the  specific  gravity  of  the  liquid. 

Here       weight  of  water  displaced  by  solid  =  W—  P, 
,,  liquid         „  ,,      =  W-Q. 

.-.     specific  gravity  of  liquid  =   -;-  ^-  ^^^^^*^  «^  l^'l'"^ 

weight  of  equal  volume  of  water 

=  ""-«    (3). 
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We  have  hitherto  considered  only  solids  which  do 
not  dissolve  in  water ;  we  now  proceed — 

48.  To  find  the  specific  gravity  of  a  solid  which 
will  dissolve  in  water. 

If  a  solid  is  soluble  in  water,  its  specific  gravity  may 
be  foand  by  taking  some  liqnid  in  which  it  is  not  soluble, 
and  weighing  the  solid  first  in  air,  then  in  that  liquid. 
The  liquid  taken  must  be  of  known  specific  gravity. 

In  this  case,  the  apparent  loss  of  weight  in  the  liquid 
is  equal  to  the  weight  of  the  liquid  displaced  by  the  solid. 

Dividing  this  by  the  specific  gravity  of  the  liquid,  the 
weight  of  an  equal  volume  of  water  is  found,  and  hence 
the  specific  gravity  of  the  solid. 

Exami^le. — To  find  the  specific  gravity  of  a  substance  soluble  in 
water,  but  not  in  turpentine,  from  the  following  data  : — 
Weight  of  solid  in  air  =32  grs., 

,,  ,,         turpentine  =  3  grs.  ; 

specific  gravity  of  turpentine  —  '%!. 
The       weight  of  turpentine  displaced  =  32  —  3  =  29  grs. 
But  weight  of  turpentine  =  -87  (weight  of  equal  volume  of  water) ; 

.  ,  .     »  ,      ,  £       ,  29       29 X 100       100 

.'.    weight  01  equal  volume  oi  water  =  -      = = grs.  ; 

*87  87  3 

32  X  3 
specific  gravity  of  solid  = —  =  •96. 

Note. — In  this  example,  the  solid  was  specifically  lighter  than 
water,  but  heavier  than  turpentine.  Had  the  solid  been  insoluble  in 
water,  it  could  not  have  been  weighed  in  water  without  attaching  it 
to  a  sinker. 

49.  To  find  the  specific  gravity  of  a  solid,  havingf  given 
that  its  weight  in  air  is  ir,  and  that  its  weight  in  a 
liquid  of  specific  gravity  s  is  Q. 

The  weight  of  liquid  displaced  by  solid  =  W—  Q, 

and  weight  of  equal  volume  of  water     =  — —^. 

s 

Hence  specific  gravity  of  solid  =  W-i- — ~^=  —    (4). 

The  above  method  may  also  be  used  to  find  the  specific 
gravity  of  a  solid  which  is  lighter  than  water  by  weighing 
it  in  a  liquid  of  still  smaller  specific  gravity,  thus  dis- 
pensing with  the  use  of  a  "  sinker." 
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*50.  The  above  methods  may  be  used  to  find  the  sectional  diameter  of 
a  fine  wire,  as  in  the  following  example  : — 

Example. — To  find  the  diameter  of  a  wire  1  metre  long,  and  weigh- 
ing 20  gm.  ia  air  and  18  gm.  in  water. 

The  weight  of  water  displaced  by  the  wire  =  20  —  18  =  2  gm. 
.-.     the  voliune  of  the  wii*e  =  2  cub.  cm., 
and  its  length  =100  cm. 

.-.     the  area  of  its  cross  section  =  y^^j  =  -Jjj  sq.  cm. 
Hence,  if  c?  be  the  diameter  of  the  wire  in  centimetres,  we  have 

4         50' 

whence,  taking  -n  =  ^^-,  we  get 

^2  _    4x7    ^       7       ^      71_ 

22x50       11x25       112x52' 

.       ,       V77       8-775       .ir.Q^._ 

.•.     a  =  = =  '1595  cm. 
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=  1'595  mm. 


=^51.  Effect  of  displaced  air  on  the  weight  of  solids. 

In  finding  specific  gravities  of  solids,  we  supposed  their 
weights  found  by  weighing  them  in  air  with  a  common 
balance.  If  great  accuracy  is  required,  it  will  be  necessary 
either  to  weigh  the  bodies  in  vacuo,  or  to  allow  for  the 
fact  that  the  bodies,  as  well  as  the  set  of  weights  era- 
ployed,  all  displace  more  or  less  air,  and  therefore  the 
apparent  weight  of  a  body  in  air  is  less  than  its  true 
weight  by  the  weight  of  this  displaced  air.  But  the 
density  of  air  is  very  small  compared  with  that  of  most 
solids  and  liquids,  being  -^-qVo  ^^  ^^i^^^  ^^  water.  Hence 
the  weight  of  the  displaced  air  is  in  most  cases  so  small  a 
fraction  of  the  weight  of  the  body  that  no  serious  error 
18  introduced  by  neglecting  it  altogether. 

It  is  easy,  however,  to  make  allowance  for  the  displaced  air,  if 
necessary.  For  when  a  body  is  placed  in  one  pan  of  a  pair  of  scales, 
and  balanced  by  weights  in  the  other,  the  apparent  weights  or  resultant 
forces  tending  to  draw  the  body  and  weights  towards  the  ground  are 
equal.  Hence 
true  weight  of  body— weight  of  air  displaced  by  body 

=  weight  of  weights  -  weight  of  air  displaced  by  weights. 
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Consider,  for  example,  the  well-known  case  of  a  pound  (mass)  of 
laad  and  a  pound  (mass)  of  feathers.  The  weights  of  the  two  in 
racito  are  equal.  But  the  feathers  displace  more  air  than  the  lead, 
and  therefore  their  apparent  weight  in  air  is  less. 

In  investigations  requiring  very  delicate  weighings,  it  is,  therefore, 
necessary  to  specify  the  metal  of  which  the  weights  are  made.  Brass 
weights  are  conunonly  used,  but  platinum  weights  are  employed  in 
the  most  expensive  chemicad  balances. 


Stjmmaey. 

Let  W  be  the  weight  of  a  solid  in  air, 
S  its  specific  gravity, 

P  its  weight  in  water,  if  heavier  than  water, 
Q  its  weight  in  a  given  liquid, 
s  the  specific  gravity  of  the  liquid, 
A  the  weight  of  a  sinker  in  water, 

B  the  weight  in  water  of  a  sinker  and  a  solid  lighter  than 
water. 

1.  To  find  the  specific  gravity  of  an  insoluble  solid  heavtei'  than  water. 
Observe  TF  and  P.     Then 

S  =    ^-~    (I). 

2.  To  find  the  specific  gravity  of  a  solid  lighter  than  tcater. 
Observe  W,  A,  B.    Then 

'=w^  (^'- 

3.  To  find  the  specific  gravity  of  the  liquid. 

Observe  W,  P,  Q.    Then 

s^'-^^    (3). 

W-P  ^  ^ 

4.  To  find  the  specific  gravity  of  a  solid  soluble  in  water  but  not  in 
the  liquid. 

Observe  TT,  Q,  s.     Then 

s=    ^~  m. 

W-Q  '  ' 
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EXAMPLES  VI. 

1.  Distinguish  between  aehcal  and  apparent  weight  of  a  body. 
The  apparent  weight  of  a  piece  of  platinum  in  water  is  60  gm.  ;  the 
actual  weight  of  another  piece  of  platinum  twice  as  big  as  the 
former  is  126  gm.     Determine  the  specific  gravity  of  platinum. 

2.  A  piece  of  lead  weighs  125  oz.  in  air  and  114  in  water.  Find 
its  specific  gravity. 

3.  A  piece  of  silver,  whose  specific  gravity  is  10-5,  weighs  120  oz. 
in  air.     How  much  does  it  weigh  in  water  ? 

4.  A  piece  of  chalk  weighs  48  gm.  in  air  and  28  gm.  in  water. 
Eind  its  specific  gravity. 

5.  A  piece  of  copper  weighs  10  lbs.  in  air  and  8|  lbs.  in  water. 
Find  its  specific  gravity  and  its  volume  in  Cubic  inches. 

6.  A  piece  of  lead,  whose  weight  in  air  is  285  gm.  and  specific 
gravity  11-4,  is  weighed  in  water.    What  will  belts  apparent  weight? 

7.  Calculate  the  mass  of  1  cub.  cm.  of  a  certain  solid  from  the 
following  data :  —  a  mass  of  720  gm.  hanging  from  one  pan  of  a 
balance  is  totally  immersed  in  water,  and  found  to  be  counterpoised 
by  a  weight  of  645  gm.  in  the  other  pan. 

8.  A  piece  of  iron  (specific  gravity  =  7*21)  weighing  216-3  gm.  is 
attached  to  a  piece  of  cork  weighing  36  gm.,  and  the  weight  of  both 
in  water  is  36*3  gm.  ;  find  the  specific  gravity  of  the  cork. 

9.  A  piece  of  cork  weighing  12  gm.  is  joined  to  a  piece  of  iron 
(specific  gravity  =  7 "21)  weighing  72-1  gm.  The  loss  of  weight  of 
the  two  in  water  is  72  gm.     What  is  the  specific  gravity  of  cork  ? 

10.  What  weight  of  cork  of  specific  gravity  -24  must  be  attached 
to  57  cub.  cm.  of  zinc  of  specific  gravity  7  2  in  order  that  the  two 
may  just  float  immersed  in  water  ? 

11.  A  block  of  wood,  the  volume  of  which  is  26  cub.  ins.,  floats  in 
water  with  two-thirds  of  its  volume  immersed.     Find  the  volimie  of 
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a  piece  of  metal,  the  specific  gravity  of  which  is  8  times  that  of  the 
wood,  which,  when  suspended  from  the  lower  part  of  the  wood,  will 
cause  it  to  be  just  totally  immersed. 

When  this  is  the  case,  find  the  upward  force  which  will  hold 
the  wood  half  immersed. 

12.  A  piece  of  paraffin  weighs  4-273  gm.  in  air,  and,  when  attached 
to  a  piece  of  lead  which  weighs  7*596  gm.  in  water,  the  two  together 
weigh  6-423  gm.  in  water;  determine  the  specific  gravity  of  the 
paraffin. 

13.  A  piece  of  glass  weighed  8-602  gm.  in  vacuo,  5-854  gm.  in 
water,  and  6*395  in  alcohol.    Calculate  the  specific  gravity  of  alcohol. 

14.  A  solid  body  weighs  117  gm.  in  air,  98  in  water,  and  101  in 
another  liquid.  Calculate  the  specific  gravities  of  the  solid  and  the 
liquid. 

15.  A  ball  of  glass  weighing  6658  grs,  in  air  is  found  to  weigh 
465*8  grs.  in  water  and  2976  grs.  in  sulphuric  acid.  What  is  the 
specific  gravity  of  the  latter? 

16.  A  bar  of  metal  weighs  1275  grs.  in  air,  1147*5  grs.  in  spirit, 
and  1125  grs.  in  water.  Find  the  specific  gravities  of  the  metal  and 
the  spirit  compared  to  that  of  water. 

17.  A  ball  of  metal  weighs  9  lbs.  in  air  and  8  lbs.  when  suspended 
in  water.  What  wotdd  be  the  specific  gravity  of  a  liquid  in  which 
it  would  weigh  7i  lbs.  ? 

18.  A  piece  of  glass,  specific  gravity  =  2-5,  weighs  25  gm.  in  air 
and  15*6  gm  in  oil ;  find  the  specific  gravity  of  the  oil. 

19.  A  piece  of  gold  weighs  96  gm.  in  air,  91  gm.  in  water,  and 
92-4  gm.  in  ether.     Find  the  specific  gravities  of  the  gold  and  ether. 

20.  A  piece  of  glass  weighs  47  gm.  in  air,  22  gm.  in  water, 
25-8  gm.  in  alcohol.     Find  the  specific  gravity  of  alcohol. 

21.  Describe  some  method  of  finding  the  specific  gravity  of  a  fluid. 
A  certain  body  just  floats  in  water.  On  placing  it  in  sulphuric  acid 
of  specific  gTa\nty  1-85,  it  requires  an  addition  of  42-5  gm.  to  immerse 
it ;  find  its  volume. 
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22.  A  ball  of  metal  is  attached  to  a  spring  balance,  and  the  index 
shows  that  it  weighs  5  lbs.  It  is  then  allowed  to  dip  below  the 
surface  of  the  water,  and  the  weight  appears  to  be  4*375  lbs.  If  it 
be  immersed  in  a  liquid  of  specific  gravity  -75,  what  will  then  be  the 
apparent  weight  ? 

23.  A  glass  baU  weighs  3000  grs.,  and  has  a  specific  gravity  3  ; 
what  will  be  its  apparent  weight  in  a  liquid  whose  specific  gravity  is 
•92? 

24.  It  is  required  to  find  the  specific  gravity  of  potassium,  which 
decomposes  water.  A  lump  weighing  432*5  grs.  in  air  is  suspended 
in  naphtha,  the  specific  gravity  of  which  is  •847,  and  is  found  to 
weigh  9  grs.     What  is  the  specific  gravity  ? 

25.  A  piece  of  iron  weighs  260  gm.  in  water  and  250  gm.  in 
glycerine  of  specific  gravity  1^25.     Find  its  specific  gravity. 

26.  A  piece  of  silver,  whose  weight  in  water  is  19  lbs.  and  specific 
gravity  10-5,  is  weighed  in  oil  of  specific  gravity  -9.  What  wiU  be 
its  apparent  weight  ? 

27.  An  ii'on  shell  is  foimd  to  lose  half  its  weight  when  weighed 
in  water.  What  portion  of  its  volume  is  hollow  ?  (Specific  gravity 
of  iron  =  7^2.) 

28.  How  would  you  determine  the  specific  gi-avity  of  a  gold  medal 
by  means  of  a  hydrostatic  balance  furnished  with  brass  weights? 
Explain  how  each  weighing  and  the  final  restdt  will  be  affected  by 
the  presence  of  air,  if  no  correction  is  made  for  the  air  displaced. 

29.  A  piece  of  silver  and  a  piece  of  gold  are  suspended  from  the 
arms  of  an  equal-armed  balance  beam,  which  is  in  equilibriimi  when 
the  silver  is  immersed  in  alcohol  (density  ^85)  and  the  gold  in  nitric 
acid  (density  1-6).  The  densities  of  the  silver  and  gold  being  10- 5 
and  19 •S,  respectively,  what  are  their  relative  masses? 

30.  Find  the  volume  of  a  solid  which  weighs  500  gms.  in  air  and 
375  gms.  in  glycerine  of  specific  gravity  1-25. 


»i^ 


CHAPTEE      VII. 


THE   HYDROMETERS. 

The  instrnments  now  to  be  described  are  chiefly  used 
for  finding  the  specific  gravities  of  liquids.*  They  all 
depend  on  the  principle  of  flotation,  namely,  that  the 
weight  of  a  floating  body  is  equal  to  the  weight  of  liquid 
which  it  displaces. 

52.  Dr.  Wilson's  Glass  Beads  are  a  series  of  hollow 
balls  of  glass,  the  diameters  of  the  hollows  in  them  being 
so  adjusted  that  the  average  specific  gravities  of  successive 
beads  form  a  series  of  numbers  increasing  by  '002.  Each 
bead  is  numbered  according  to  its  specific  gravity,  and 
the  specific  gravity  of  any  liquid  may  be  found  by 
throwing  them  all  into  it. 

All  the  beads  of  greater  specific  gravity  than  the  liquid 
sink,  and  all  those  of  lesser  specific  gravity  float.  By 
these  means  the  specific  gravity  of  the  liquid  is  found  to 
within  -002,  and  this  degree  of  accuracy  is  sufficient  for 
most  purposes. 

53.  Nicholson's  Hydrometer  (Fig. 
10)  consists  essentially  of  a  hollow  globe 
or  cylinder  of  metal  B,  from  the  top  of 
which  projects  a  stem  of  hardened  steel 
wire  carrying  a  small  cup  or  scale-pan  A. 
To  the  bottom  of  B  is  fixed  another  cup 
OP  scale-pan  G,  which  is  of  sufficient 
weight  to  keep  the  hydrometer  from 
becoming  top-heavy  without  sinking  the 
whole  of  the  bulb  even  in  the  lightest 
liquids.  A  set  of  weights  is  provided 
with  the  hydrometer,  and  these  are  to 
be  placed  in  the  upper  scale-pan  so  as 


ri<?.  10. 


*  Commercially,  tliis  is  a  very  imiwrtant  operation,  the  specific  gravity  ofton 
being  a  rough  but  reaiiy  tost  of  the  purity  of  a  liquid  or  degree  of  concentration 
of  a  solution.  Thus  tlie  strongest  ammonia  has  a  speciiic  gravity  of  "880;  it  is  a 
concentrated  solution  of  ammonia  gas  in  water. 
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to  Sink  the  hydrometer  till  the  liquid  in  wliich  it  floats 
reaches  a  fixed  mark  X  on  the  uprig-ht  wire.  For 
convenience,  a  cylindrical  jar  is  usually  provided,  to 
contain  the  liquid  whose  specific  gravity  is  required. 

54.  To  find  the  specific  gravity  of  any  liquid  by 
means  of  Nicholson's  Hydrometer,  the  observations 
are  made  as  follows  : — 

(i.)  Find  the  weight  of  the  hydrometer  (in  air), 

(ii.)  Lower  the  hydrometer  into  a  jar  of  water,  and  add 
weights  to  the  upper  scale-pan  A  until  the  instrument 
sinks  to  the  fixed  mark  on  the  stem. 

(iii.)  Repeat  the  last  operation,  replacing  the  water  by 
the  liquid  whose  specific  gravity  is  required. 

The  weight  of  the  hydrometer,  together  with  the 
weights  in  the  scale-pan  at  the  second  operation,  is  equal 
to  the  weight  of  the  water  displaced  by  the  part  of  the 
hydrometer  below  the  fixed  mark. 

The  weight  of  the  hydrometer  and  weights  in  the 
scale  at  the  third  operation  are  equal  to  the  weight 
of  the  given  liquid  displaced.  And  the  volume  displaced 
is  the  same  as  before. 

Hence,  by  dividing  the  latter  weight  by  the  former,  the 
specific  gravity  of  the  liquid  is  at  once  found. 

Example. — To  find  the  specific  gravity  of  brandy  by  means  of  a 
Nicholson's  Hydrometer  weighing  60  gm.,  having  given  that  23-7  gm. 
are  required  in  the  upper  scale-pan  to  sink  the  hydrometer  to  the 
fixed  mark  when  placed  in  brandy,  and  that  40  gm.  are  required  to 
sink  it  to  the  same  mark  in  water. 

At  the  first  observation,  the  total  weight  supported  by  the  brandy 

=  60+23-7  =  83-7  gm. 

Hence  weight  of  brandy  displaced  =  83-7  gm. 

At  the  second  observation,  we  have,  in  like  manner, 

weight  of  water  displaced  =  60  +  40  =  100  gm. 

But  the  volumes  of  the  brandy  and  water  displaced  are  equal. 

8.3  "7 
specific  gravity  of  brandy  =  -^-  =  -837. 
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55.  The  weight  of  a  hydrometer  is  if,  the  weight  re- 
qiiired  to  sink  the  bulb  in  water  is  r,  and  the  weight 
required  to  sink  it  in  another  liquid  is  Q.  To  find  the 
specific  gravity  of  the  liquid. 

Since  the  hydrometer  floats  in  equilibrium  in  each  case, 
.*.     weight  of  water  displaced  by  hydrometer  =  F+  JF, 
and  weight  of  liquid  displaced  =  Q+  TF. 


.  • .  specific  gravity  of  liquid  = 


weight  of  liquid  _  Q-\-W 

wt.  of  equal  vol.  of  water       JP+TF 


56.  To  find  the  specific  gravity  of  a  solid  by  means 
of  Nicholson's  Hydrometer. — We  have  to  find — 

(1)  The  weight  of  the  solid  in  air. 

(2)  The  weight  of  the  water  displaced  by  the  solid  when 
immersed. 

To  do  this,  we  proceed  as  follows  : — 

(i.)  Plunge  the  hydrometer  in  water, 
and  place  weights  in  tlie  upper  scale-pan. 
till  the  stem  sinks  to  the  fixed  mark. 

(ii.)  Place  the  solid  in  the  upper 
scale-pan,  taking  off  weights  to  make 
the  stem  again  sink  to  the  fixed  mark. 

The  total  weight  supported  by  the 
hydrometer  is  the  same  as  before.  Hence 
the  weights  taken  off  must  be  equal  to 
the  added  weight  of  the  solid,  which  is 
therefore  known. 

(iii.)  Place  the  solid  in  the  lower  cup  ^S-  10. 

and  again  plunge  the  hydrometer  in 
water.  The  water  displaced  will  now  exert  an  upward 
force  on  the  solid.  Hence  extra  weights  must  be  placed 
in  the  upper  scale-pan  to  sink  the  hydrometer  to  the  fixed 
mark,  and  these  added  weights  are  equal  to  the  weight 
of  the  water  displaced  by  the  solid. 

Hence  the  specific  gravity  of  the  solid  is  at  once  found. 
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57.  If  the  solid  is  specifically  lighter  than  water,  it  must  be 
fastened  down  to  the  lower  cup  of  the  hydrometer  during 
the  third  process  of  weighing,  so  as  to  prevent  its  rising 
to  the  surface.  For  this  purpose  the  cup  is  sometimes 
provided  with  a  cap  of  wire  gauze.  In  Atkin's  form  of 
the  instrument,  there  is  a  small  spike  projecting  down- 
wards over  the  cup  (5,  Fig.  10),  on  the  point  of  which 
any  small  bodies  lighter  than  water  can  be  impaled. 

In  such  cases  the  cup  acts  as  a  sinker. 

In  other  respects,  the  method  of  finding  specific  gravity 
is  exactly  the  same. 

Example. — A  Nicliolson's  Hydrometer  when  placed  in  water  required 
{f  weight  of  40  gm.  in  the  upper  scale  to  sink  it  to  the  fixed  mark. 
When  a  piece  of  silver  was  placed  in  the  upper  scale-pan,  8-5  gm. 
were  required  to  sink  it ;  and  when  the  silver  was  placed  in  the  lower 
scale-pan,  11-5  gm.  were  required  in  the  upper.  To  find  the  specific 
gravity  of  silver. 

Here,  when  the  silver  was  placed  in  the  upper  scale-pan,  40  —  8*5 
or  31  '5  gm.  had  to  be  taken  out  in  order  to  make  the  total  weight  the 
same  as  before. 

Therefore  the  weight  of  the  silver  was  31-5  gm. 

When  the  silver  was  transferred  to  the  lower  pan  and  immersed, 
we  had  to  add  11 -5 -85  or  3  gm.  to  the  upper  pan  to  counteract  the 
upward  thrust  of  the  water  on  the  silver. 

.-.     weight  of  water  displaced  by  silver  =  3  gm. 

31  *5 

.-.     specific  gravity  of  silver  = =  10-5. 

o 

58.  The  weigfht  required  to  sink  the  bulb  of  a  hydro- 
meter is  P.  When  a  body  is  placed  in  the  upper  scale- 
pan,  the  weigcht  required  to  sink  the  bulb  is  Q ;  and  when 
the  body  is  placed  in  the  lower  pan,  the  weight  required 
is  JB.    To  find  the  specific  gravity  of  the  solid. 

Let  W  be  the  weight  of  the  body,  to  the  weight  of  the  water  it 
displaces.  Then,  since  the  resultant  force  required  to  sink  the  bulb 
is  the  same  in  each  case, 

.-.     P=Q+JF, 
and  Q+JF=E+TF-to; 

.-.     weight  of  BOM  TJ^  =  F-  Q, 
and  weight  of  water  displaced  to  =  R—Q; 

specific  gravity  of  solid  ^  —  =      ~  ^  . 
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59.  The    Common   Hydrometer    is 

adapted  for  finding  the  specific  gravities 
of  liquids  only.  It  consists  of  a  glass 
tube  or  stem  AEG  blown  out  into  two 
bulbs  By  G  at  its  lower  end,  and  closed 
at  its  upper  end.  The  stem  and  the 
upper  bulb  B  are  filled  with  air,  the 
lower  balb  G  being  loaded  with  mercury 
or  small  shot,  so  that  when  the  hydro- 
meter is  in  liquid  it  floats  upright  with 
the  whole  of  the  bulb  and  part  of  the 
stem  submerged. 

No  moveable  weights  are  used,  but  the 
stem  is  provided  with  a  graduated  scale. 
The  height  to  which  the  liquid  rises  on 
the  stem  is  indicated  by  the  scale,  and 
serves  to  determine  the  specific  gravity 
of  the  liquid. 


^' 
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60.  To  find  the  specific  gravity  of  a  liquid  by 
means  of  the  Common  Hydrometer. 

In  order  to  find  the  specific  gravity  of  a  liquid,  it  is 
sufficient  to  know — 

(1)  The  weight  of  the  hydrometer. 

(2)  The  volume  of  liquid  displaced  when  the  hydro- 
meter floats  in  it. 

Now  the  stem  of  the  hydrometer  is  cylindrical ;  hence, 
if  its  thickness  be  known,  the  volume  of  any  length  of  it 
can  be  found.  Hence,  if  the  volume  of  the  bulbs  or  of 
the  whole  hydrometer  be  known,  we  can  find  the  required 
volume  immersed  when  the  liquid  reaches  a  given  height 
on  the  stem. 

The  weight  of  the  hydrometer  is  equal  to  the  weight  of 
the  displaced  liquid,  and,  dividing  this  by  the  volume,  the 
weight  of  a  unit  volume  is  found,  and  hence  the  specific 
gravity  can  be  determined. 

The  general  formula  being  somewhat  complicated,  it  is 
usual  to  deduce  the  specific  gravity  of  liquids  by  first 
principles  in  the  manner  illustrated  in  the  following 
examples. 
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Examples.  —  (1)  To  find  the  specific  gravity  of  a  liquid,  having 
given  that  a  hydrometer  vireighing  \\  oz.  sinks  in  it  untn  2*4  cub.  ins. 
are  immersed. 

Here  wsight  of  2  '4  cub.  ins.  of  liquid  =  1  '5  oz.  ; 

1"5 
.-.     weight  of  1  cub.  in.  of  liquid  =  • —  oz.  =  |  oz., 

and  weight  of  1  cub.  ft.  of  liquid  =  1728  x  f  oz.  =  1080  oz. 

But  weight  of  1  cub.  ft.  of  water  =  1000  oz.  ; 

.-.     specific  gravity  of  liquid  =  Tof§  =  I'OS. 

(2)  To  find  the  density  of  a  liquid  in  which  a  common  hydrometer 
floats  with  Z\  ins.  of  its  stem  immersed,  having  given  that  the 
diameter  of  the  stem  is  "2  in.,  the  volume  of  the  two  bulbs  is 
•754  cub.  in.,  and  the  weight  of  the  hydrometer  ^oz. 

Here  the  portion  of  the  stem  immersed  is  a  cylinder  of  height 
3 1  ins.,  the  radius  of  whose  base  is 

=  I  X  -2  =  -1  in. 
Hence  the  volume  of  the  immersed  portion  of  the  stem 

=  2Ax  (-1)2  xi  =  -11  cub.  in. 
Moreover,  the  volume  of  the  bulbs  =  "754  cub.  in. 
Hence  the  whole  volume  of  the  displaced  liquid 

=  -754+ -11  =  -864  cub.  in. 

But  weight  of  displaced  liquid  =  weight  of  hydrometer  =  ^  oz. ; 

•864  cub.  in.  of  liquid  weighs  |  oz.  ; 

1  cub.  in.  of  liquid  weighs  ^^ ^^^77  =  ■  oz. ; 

1*728 


2  X  -864 

1799 
1  cub.  ft.  of  liquid  weighs  — ~-  oz. 
^  ='       1-728 


1000  oz. 


Hence  the  liquid  is  of  the  same  density  as 
water,  and  its  specific  gravity  is  unity. 

(3)  The  stem  of  a  hydrometer  is  divided  into 
100  equal  parts.  It  reads  0  in  water  and  100  in 
liquid  of  specific  gravity  -8.  To  find  the  specific 
gravity  for  which  the  hydrometer  reads  50. 

Let  0,  Q  be  the  points  marked  0,  100  ;  P  the 
point  marked  50. 

Let  V  be  the  volume  of  water  whose  weight  is 
equal  to  that  of  the  hydrometer.     Then  V  is  the 
volume  of  water  displaced  when  the  hydrometer 
floats  in  water. 
.  •.  volume  displaced  by  portion  below  0  =  V. 

When  the  hydrometer  floats  in  the  lighter 
liquid  of  specific  gravity  '8,  it  displaces  an  equal 
weight,  and  therefore  a  greater  volume,  of  liquid. 
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.  ••     volume  displaced  by  portion  below  Q  =  F-f  '8  =  1-25  F ; 

. •.      volume  of  stem  OQ  =  1-25V-V  =  '25 V ; 
that  is,        voliune  of  100  divisions  of  stem  =  '25  F ; 
.-.     volimie  of    50  divisions  of  stem  =  •125F; 

.-.     volume  displaced  by  portion  below  P  =  V+  •125F=  1*125F. 

This  is  the  volume  displaced  by  the  hydrometer  in  the  given 
liquid,  and  its  weight  is  equal  to  the  weight  of  water  displaced. 
.'.  wt.  of  vol.  1-125  Fof  given  liquid  =  wt.  of  vol.  F of  water; 
.-.  wt.  of  vol.  1  of  given  liquid  =  wt.  of  vol.  1  -fT  125  of  water; 

.*.  required  specific  gravity  of  liquid  =  14- 1*125  =  f  =  -8. 

[Note. — Although  the  mark  50  is  midway  between  the  marks  0 
and  100,  the  requu*ed  specific  gi'avity  is  not  midway  between  the 
corresponding  specific  gravities,  for  its  value  is  '8,  and  not  '9  as  might 
on  fii'st  thoughts  be  expected.] 

(4)  With  the  data  of  the  last  example,  to  find  the  specific  gravity 
of  a  hquid  whose  reading  is  28. 
We  have  seen  that 

volume  of  100  divisions  of  stem  =  *25  F ; 

. •.     volume  of  28  divisions  =  -^^  x  -25  F  =  "07 F ; 
.-.     volume  displaced  by  hydrometer  in  given  liquid  =  1-07  F; 
.•.  weight  of  volume  1"07  F  of  liquid  =  weight  of  volume  F  of  water ; 
.'.     specific  gravity  of  liquid  =  l-rl'07  =  "9346,  nearly. 

61.  Beaume's  and  Twaddell's  Hydrometers.  —  The 

stem  of  a  hydrometer  is  usually  divided  into  a  number  of 
equal  parts,  very  often  100.  Thus  Beaame's  hydrometer 
for  fluids  lighter  than  water  has  the  stem  graduated  from 
10  up  to  70.  When  plunged  into  water  it  reads  10,  and 
the  lighter  the  liquid  the  higher  the  reading.  Another 
hydrometer  was  used  by  Beaume  for  fluids  heavier  than 
water. 

Twaddell's  hydrometers  for  fluids  heavier  than  water 
are  a  set  of  six.  The  first  is  graduated  from  0  to  24, 
and  indicates  0  when  placed  in  water.  The  second  sinks 
to  the  highest  mark  on  the  stem  in  a  liquid  in  which  the 
first  rises  to  the  lowest  mark,  and  is  therefore  used  for 
rather  heavier  liquids,  and  so  on. 

Tables  have  been  constructed  giving  the  specific  gravity 
corresponding  to  any  reading.  In  commerce,  however,  it 
is  very  customary  to  specify  the  specific  gravity  of  a  liquid 
by  its  hydrometer  reading,  thus  :  "  10|°  Twaddell." 

ayDRO.  F 
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62.  The  Lactometer  is  a  common  hydrometer  adapted 
for  testing  whether  milk  has  been  adulterated  with  water. 
The  extremities  of  the  scale  are  the  points  to  which  the 
hydrometer  sinks  in  pure  water  and  pure  milk  respec- 
tively, and  the  intermediate  divisions  indicate  the  pro- 
portions of  milk  and  water  occurring  in  a  mixture. 
Lactometers  may  now  be  purchased  for  a  very  small  sum. 

*63.  Sikes'  Hydrometer  is  similar  in 
construction  to  the   Common   Hydrometer,  ^ 

the  only  essential  difference  being  that  the  CR1CR3 
bulb  B  and  the  counterpoise  G  are  separated 
by  a  thin  conical  stem,  on  which  may  be 
placed  different  weights  of  the  form  W 
(Fig.  13).  The  slot  in  each  weight  is  just 
wide  enough  to  go  over  the  thinnest  or 
upper  part  of  the  stem  G,  while  the  central 
hole  just  fits  on  to  the  lower  part. 

The  scale  of  the  hydrometer  is  divided 
into  ten  equal  parts  or  degrees,  numbered 
from  the  top  downwards,  and  each  degree 
is  subdivided  into  fifths.  Nine  different 
weights  are  supplied  with  the  instrument, 
and  these  are  numbered  10,  20,  ...  90,  re- 
spectively. The  smallest  weight  10  is  such 
as  to  sink  the  hydrometer  from  the  mark 
10  to  the  mark  0  in  a  liquid  of  the  proper 
density. 

In  addition  there  is  another  weight  A 
which  can  be  placed  on  the  top  of  the  si  em  Fig.  13. 

when  the  hydrometer  is  employed  for  liquids 
heavier  than  water. 

In  using  Sikes'  hydrometer,  the  number  on  the  weight 
is  added  to  the  reading  of  the  scale.  Thus  in  water 
(specific  gravity  1)  the  scale  reads  10  when  the  weight  90 
is  attached,  and  the  hydrometer  reading  is  therefore  100. 
With  the  upper  weight  A  attached,  the  hydrometer  read- 
ing for  water  is  zero. 

The  advantage  of  Sikes'  hydrometer  is  that  the  moveable  •weights 
allow  it  to  l)e  used  for  a  large  range  of  diiferent  densities,  a  result 
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that  could  not  otherwise  have  been  effected  except  by  making  the  stem 
20  tinies  as  long,  which  would  be  very  inconvenient,  or  by  making 
the  divisions  20  times  as  close  together,  in  which  case  the  hydrometer 
would  be  much  less  sensitive,  or  by  having  a  nimiber  of  different 
hydrometers,  as  in  the  case  of  Twaddell's  hydrometers. 

SUMMAEY. 

1.  Nicholson' s  Hydrometer  has  scale-pan  above  and  cup  below  bulb, 
and  is  always  sunk  to  a  fixed  mark  on  stem. 

To  find  sp.  gr.  of  liquid,  it  is  sunk  in  liquid  by  weights  in  upper  pan. 
These  wts.  +  wt.  of  hydrom.  =  wt.  of  liquid  displaced  by  hydrom. 
Similarly,  wt.  of  equal  vol.  of  water  is  found  ;  hence  sp.  gr. 

To  find  sp.  gr.  of  solid,  it  is  sunk  in  water  as  before.  "Wt.  of  solid 
(7r)  =  wt.  subtracted  when  solid  is  placed  in  upper  pan.  Wt.  of 
water  displaced  (w)  =  wt.  added  when  solid  is  transferred  from  upper 
to  lower  pan  ;  and  sp.  gr.  of  solid  =  JF—tv. 

2.  The  Common  Hydrometer  has  graduated  stem,  no  scale-pan. 

The  sp.  gr.  of  a  liquid  is  given  hj  W  =  wsV;  .'.  s  =  W-r{wV), 
where  TF  =  wt.  of  hydrom.,  w  =  sp.  wt.  of  water,  V  =  vol.  sub- 
merged in  liquid. 

3.  Sikes^  Hydrometer  combines  a  graduated  stem  with  moveable 
weights. 

EXAMPLES  VII. 

1.  A  Nicholson's  hy4rometer,  whose  own  weight  is  4|  oz.,  requires 
weights  of  2  and  2|  oz. ,  respectively,  to  sink  it  to  the  fixed  mark  in 
two  different  fluids.     Compare  the  specific  gravities  of  the  fluids. 

2.  A  Nicholson's  hydrometer  weighs  3f  oz.,  and  requires  a  weight 
of  If  oz.  to  sink  it  to  the  fixed  mark  in  water.  What  weight  will  be 
required  to  sink  it  to  the  fixed  mark  in  a  liquid  whose  density  is  2*5  ? 

3.  A  Nicholson's  hydi'ometer  of  weight  4^  ozs.  requires  a  weight 
of  2 1  oz.  to  siuk  it  to  the  fixed  mai'k  in  a  fluid  whose  specific  gravity 
is  1-35.     What  weight  will  sink  it  to  the  fixed  mark  in  water  ? 

4.  A  solid  is  placed  in  the  upper  cup  of  a  Nicholson's  hydrometer, 
and  it  is  found  that  12  grs.  are  required  to  sink  the  instrument  to  a 
certain  depth;  when  the  solid  is  ia  the  lower  cup,  16  grs.  are 
required,  and,  when  the  solid  is  removed,  22  grs.  are  required.  What 
is  the  specific  gravity  of  the  solid  ? 

5.  A  solid  of  specific  gravity  8  is  placed  in  the  upper  cup  of  a 
Nicholson's  hydrometer,  and  it  is  found  that  12  gm.  are  required  to 
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sink  the  instrument  to  a  fixed  mark  on  the  stem,  and  when  the  solid 
is  removed,  it  is  found  that  28  gm.  are  required.  What  weight  must 
be  placed  in  the  upper  cup,  when  the  solid  is  in  the  lower  cup,  in 
order  to  sink  the  hydrometer  to  the  fixed  mark  ? 

6.  A  piece  of  marble  weighing  142  grs.  is  placed  in  the  upper  dish 
of  a  Nicholson's  hydrometer,  and  it  is  found  that  an  additional  weight 
of  40  grs.  is  required  to  sink  the  hydrometer  to  a  fixed  mark  in  its 
stem.  When  the  marble  is  placed  in  the  lower  dish,  it  is  found  that 
90  grs.  are  necessary.     What  is  the  specific  gravity  of  the  marble  ? 

7.  A  body  weighing  120  gm.  is  placed  in  the  upper  portion  of  a 
Nicholson's  hydrometer,  and  it  is  found  that  an  additional  weight  of 
30  gm.  is  necessary  to  sink  the  hydrometer  to  the  fixed  mark  on  the 
stem.  When  the  substance  is  placed  in  the  lower  dish,  72  gm,  are 
necessary.     What  is  the  specific  gravity  of  the  substance  ? 

8.  Explain  the  principle  of  the  common  hydrometer,  and  show  that 
the  volume  of  the  part  immersed  is  inversely  proportional  to  th« 
density  of  the  liquid. 

9.  When  the  common  hydrometer  floats  in  water,  -^  of  its  volume 
is  immersed  ;  and  when  it  floats  in  milk,  -^^  of  its  volume  is  immersed. 
Find  the  specific  gravity  of  milk, 

10.  The  volume  of  a  hydrometer  is  10  cub.  cm.  and  its  weight  65  gm. 
Find  how  much  of  it  will  be  immersed  when  it  is  set  to  float  in  a 
liquid  of  specific  gravity  -88. 

11.  The  whole  volume  of  a  common  hydrometer  =  6  cub.  ins.,  and 
its  stem,  which  is  square,  is  f  ia.  in  breadth  ;  it  floats  in  one  liquid 
with  2  ins.  of  stem  above  surface,  and  in  another  liquid  with  4  ins. 
of  stem  above  surface.  Compare  the  specific  gravities  of  the  two 
liquids. 

12.  A  common  hydrometer  floats  in  water  with  f  of  its  volume 
immersed.  How  much  of  its  voliune  will  be  immersed  when  it  floats 
in  oil  of  specific  gravity   9  ? 

13.  A  common  hydrometer  weighs  2  oz.,  and  is  graduated  for 
specific  gravities  varying  from  1  to  1'2.  What  should  be  the  volume 
in  cubic  inches  of  the  portion  of  the  instrument  below  the  graduations 
1,  1-1,  1-2,  respectively,  it  being  assimied  that  a  cubic  foot  of  water 
contains  1000  oz.  ? 
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14.  The  stem  of  a  common  hydrometer  is  cylindrical,  and  the 
highest  graduation  corresponds  to  a  specific  gravity  of  1,  and  the 
lowest  to  1-3.  What  specific  gravity  corresponds  to  a  point  exactly 
midway  between  these  divisions  ? 

15.  Having  given  the  positions  of  the  marks  on  a  common  hydro- 
meter corresponding  to  the  specific  gravities  1  and  -8,  show  how  to 
find  the  points  to  which  the  hydrometer  will  sink  when  plimged  in 
liquids  of  specific  gravities  -85  and  1-1,  respectively. 

16.  The  stem  of  a  common  hydrometer  is  divided  into  100  gradua- 
tions, beginning  from  the  top  ;  when  it  is  placed  in  a  fluid  of  specific 
gravity  1-5,  the  surface  of  the  fluid  is  at  the  graduation  20  ;  when 
in  a  fluid  of  specific  gravity  1-6,  it  is  at  the  graduation  56.  What  is 
the  specific  gravity  of  a  fluid  of  which  the  siurface  is  at  the  gradua- 
tion 96  ? 

17.  What  is  meant  by  the  "specific  gravity"  of  a  substance? 
A  body  floats  with  one-tenth  of  its  volume  above  the  surface  of  pure 
water.  What  fraction  of  its  voliune  would  project  above  the  surface 
if  it  were  floating  in  a  liquid  of  specific  gravity  1  -25  ? 

18.  A  cube  of  wood,  whose  edge  is  4  ins.  and  specific  gravity  -72, 
floats  in  oil  of  specific  gravity  -9,  What  weight  must  be  placed  on  it 
in  order  to  just  totally  immerse  it  ? 

19.  A  cylinder,  loaded  so  as  to  float  vertically,  and  weighing  2  gm. 
altogether,  just  sinks  overhead  in  water  when  ^  gm.  extra  is  put  on 
its  top  ;  otherwise  it  protrudes  7  cm.  above  the  surface.  What  length 
AvOl  protrude  above  the  surface  of  a  liquid  whose  density  is  five -sixths 
that  of  water,  if  the  cylinder  be  set  floating  in  it  without  the  extra 
load? 

20.  A  solid  cylinder  of  imiform  material  will  float  in  water  with  its 
axis  vertical  and  2  ft.  of  its  length  immersed ;  or,  again,  in  oil  of 
specific  gravity  -8,  with  9  ins.  more  than  half  of  its  length  immersed. 
Find  its  length  and  specific  gravity. 
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EXAMINATION  PAPER  III. 

1.  How  is  the  specific  gravity  of  a  body  lighter  than  water  found 
by  means  of  the  hydrostatic  balance  ? 

2.  A  piece  of  iron  weighs  32-64  gm.  in  air,  and  28  288  gm.  in 
water ;  find  its  specific  gravity. 

3.  A  body  weighs  60  gm.  in  air,  and  to  sink  it  a  piece  of  iron 
(specific  gravity  =  7 '5)  weighing  300  gm.  in  air  is  attached  to  it. 
The  two  together  weigh  220  gm.  in  water.  Find  the  specific  gravity 
of  the  body. 

4.  A  body  weighing  30  oz.  in  air  weighs  22-8  oz.  in  a  liquid  of 
unknown  specific  gravity,  and  22*5  oz.  in  water.  Eind  the  specific 
gravity  of  the  liquid. 

5.  How  would  you  determine  the  specific  gravity  of  a  body  which 
is  soluble  in  water  ? 

6.  A  body  which  is  soluble  in  water  weighs  27  gm. ;  and  when 
weighed  in  oil  of  specific  gravity  -9,  its  weight  is  20 j  gm.  Eind  its 
specific  gravity. 

7.  Describe  the  common  hydrometer. 

8.  Give  an  account  of  Nicholson's  Hydrometer.  How  is  it  used 
for  finding  the  specific  gravities  of  solids  and  liquids  ? 

9.  A  piece  of  crystal  weighing  28  grs.  is  placed  in  the  upper  cup 
of  a  Nicholson's  hydrometer,  and  205  grs.  are  required  to  sink  it  to 
the  fixed  mark.  When  it  is  placed  in  the  lower  cup,  213  grs.  are 
needed.     Determine  the  specific  gravity  of  the  crystal. 

10.  A  Nicholson's  hydrometer  weighing  50  gm.  requires  270  gm. 
to  sink  it  to  the  given  level  in  water,  and  238  gm.  when  immersed  in 
a  given  Hquid.     Eind  the  specific  gravity  of  the  liquid. 
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CHAPTER      VIII 


DEFINITIONS  AND  PROPERTIES  OF  PRESSURE, 

64.  Thrust. — Dep. — When  two  bodies  in  contact  or 
two  parts  of  a  body  press  against  each  other,  the  forces 
which  act  between  them  are  said  to  constitnte  a  thrust. 

We  will  DOW  examine  how  the  thrust  of  a  fluid  on  any 
body  is  distributed  over  different  portions  of  the  body's 
surface. 

If  one  or  more  holes  be  made  anywhere  in  the  side  or 
bottom  of  a  vessel  full  of  water,  the  water  will  run  out 
through  them,  provided  they  are  below  its  surface.  If 
the  holes  are  stopped  up  with  plugs,  a  certain  force  will 
have  to  be  applied  to  each  plug  in  order  to  prevent  their 
being  pushed  out.  Hence  the  water  exerts  a  thrust  on 
every  portion  of  the  surface  of  the  vessel  with  which  it  is 
in  contact,  instead  of  its  action  being  applied  at  one  or  more 
separate  points.  Such  a  dis- 
tribution of  thrust  over  a 
surface  is  called  a  pressure. 

Pressure  is  not  confined 
to  the  boundaries  of  a  fluid  ; 
every  portion  exerts  a  pres- 
sure on  the  adjacent  portions. 
For,  if  the  portion  S  were 
removed  from  the  interior,  the 
surrounding  fluid  would  rush 
in  on  all  sides  and    fill   the  Fig.  14. 
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cavity  thus  formed.  Hence  the  fluid  inside  S  must  exert 
pressure  on  that  outside.  And,  since  action  and  reaction 
are  equal  and  opposite,  the  fluid  outside  5  must  exert 
pressure  on  that  inside. 

65.  Fundamental  Property  of  a  Fluid. — We  have 
defined  a  fluid  as  a  substance  which  yields  continually  to 
any  force,  however  small,  tending  to  produce  motion  of  its 
parts  amongst  themselves. 

From  this  definition  may  be  deduced  the  following 
FUNDAMENTAL  PROPERTY  OF  A  FLUID:— 
The   pressure  of  a  fluid  at  rest  on  any  surface 
is  everywhere  perpendicular  to  that  surface. 


Fig.  15. 

[For  take  any  mass  of  fluid,  and  suppose  it  cut  into  two  parts 
A,  B  hj  the  plane  CD.  If  the  force  which  B  exerts  on  A  is  not 
perpendicular  to  CD,  let  it  be  a  force  P  in  another  direction.  Then  F 
can  be  resolved  into  components — one  (Z)  along  CD,  and  the  other  (Y) 
perpendicular  to  CD.  And  if  we  were  to  try  to  make  the  part  A  slide 
along  the  part  B  in  the  direction  DC,  we  should  have  to  exert  a  force 
equal  to  the  resistance  X  before  it  would  move  at  all,  which  would  be 
contrary  to  the  supposition  that  the  fluid  yields  to  any  force,  however 
small,  tending  to  move  the  two  portions  separately.  Hence  the 
actions  between  the  portions  A,  B  must  be  perpendicular  to  the  surface 
of  separation  CD.^ 

Example. — In  raising  a  vertical  sluice-gate,  the  force  that  must  be 
used  to  lift  it  does  not  depend  on  the  pressure  of  the  water  against 
the  gate.  For  the  action  of  the  water  is  perp  3ndicular  to  the  gate, 
and  is  therefore  horizontal.  Hence  it  cannot  affect  the  vertical  lifting 
force  applied  to  the  gate. 

*&&.  Distinction  between  perfect  and  viscous  fluids. — The 

above  proof  may  be  employed  to  show  that  the  action  exerted  by  a 
perfect  fluid  on  any  sm-face  is  always  perpendicular  to  the  surface 
whether  the  fluid  is  at  rest  or  in  motion.  But  a  viscous  fluid  tends  to 
retard  motion  of  its  parts.  Hence  the  perpendicularity  of  pressure 
to  the  surface  does  not  necessarily  hold  in  the  case  of  viscous  flmds, 
except  when  they  are  at  rest. 
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.We  will  now  define  "  pressure,"  and  state  how  it  is  measured. 

67.  Def. — A  Pressure  is  a  distribution  of  thrast  over 
a  surface. 

Pressure  is  measured  by  the  amount  of  the  thrust  per 
unit  area  of  a  plane  surface  exposed  to  it. 

68.  XTnifonu  Pressure. — Def. — A  pressure  is  said  to 
be  nuifonu  when  the  thrusts  exerted  on  two  equal  plane 
areas,  however  small,  are  equal,  no  matter  where  these 
areas  be  situated. 

Uniform  pressure  is  measured  by  the  thrust  exerted  on 
every  unit  of  area  of  any  plane  to  which  it  is  applied. 

Thus,  if  a  fluid  exerts  a  thrust  of  15  lbs.  weight  on  every  square 
inch  of  its  surface,  the  pressure  is  said  to  be  a  uniform  pressure  of 
15  lbs.  per  square  inch. 

It  is  clear  that  the  whole  force  exerted  on  2  sq.  ins.  of  surface  is 
twice  as  great  as  on  1  sq.  in.,  and  is,  therefore,  30  lbs.  weight ;  on 
3  sq.  ins.,  it  is  three  times  as  great,  or  45  lbs.  weight ;  and  so  on. 
But  the  pressure  is  the  same  in  each  case,  for  pressure  is  measured, 
not  by  the  force  on  the  whole  surface,  but  by  that  per  unit  area  of 
the  sui-face.     Thus,  pressure  is  a  different  kind  of  quantity  from  force.* 

69.  Unit  of  Pressure. — The  unit  of  pressure  is  that 
pressure  which  exerts  a  unit  of  force  per  unit  of  area. 
Thus,  if  forces  are  measured  in  pounds  weight  and  lengths 
in  feet,  the  unit  of  pressure  is  a  pressure  of  1  lb.  per 
square  foot  (now  sometimes  written  1  lb. /ft."). 

A  pressure  of  147  lbs.  per  square  inch  is  called  an 
atmosphere^  being  the  average  pressure  of  atmospheric  air, 
and  for  certain  purposes  this  is  adopted  as  the  unit  of 
pressure. 

It  is  often  convenient  to  measure  pressures  in  pounds 
per  square  inch  or  ounces  per  square  foot. 

In  the  (J.G.8.  dynamical  system,  where  a  centimetre  and  a 
dyne  are  the  units  of  length  and  force,  the  unit  of  pressure 
is  a  pressure  of  one  dyne  per  square  centimetre. 

*  The  word  pressure  is  still  sometimes  used  in  Mechanics  to  denote  a  force; 
for  instance,  the  •*  pressure  of  a  body  on  an  inclined  plane  "  or  the  "  pressure  of  a 
chair  on  the  floor.  But  it  is  incorrect  to  call  a  force  a  pressure  under  any 
circumstances.  It  is  far  better  to  speak  of  such  a  force  as  a  thrust,  though  it  may, 
if  preferred,  be  called  a  force  of  pressure. 


74  HYDROSTATICS. 

A  ^' C.G.S.  atmosphere  ^^  is  the  name  given  to  a  pressure  of  one 
million  dynes  per  square  centimetre,  and  is  nearly,  but  not  quite, 
equal  to  the  ordinary  atmospheric  pressure. 

70.  The  resultant  thrust  on  any  plane  area  exposed 
to  uniform  fluid  pressure  is  equal  to  the  product  of 
the  pressure  into  the  area. 

Let  p  be  the  pressure,  A  the  area  of  the  surface. 
Let  the  area  be  divided  into  a  number  of  portions  each 
of  unit  area. 

Then  since  the  pressure  is  p, 

the  thrust  on  each  unit  of  area  is  p. 

Now  the  number  of  such  units  of  area  is  A,  and,  since 
the  whole  area  is  plane,  the  forces  on  them  are  parallel, 
hence  their  resultant  is  equal  to  their  sum.  Hence,  if  P 
denote  the  resultant  thrust, 

P  =  pA; 

that  is,    resultant  thrust  =  (pressure)  X  (area) . 

Hence,  also,  p  =  —-  ; 

A 

so  that  the  pressure  is  measured  by  the  resultant  thrust 
divided  by  the  area. 

Examples. — {D  If  a  ton  of  water  is  contained  in  a  rectangular  tank 
whose  base  is  4  ft.  by  2  ft.,  the  whole  tlirust  on  the  base 

-  1  ton  =  2240  lbs., 
and  the  area  over  which  it  is  distributed  =  8  sq.  ft. ; 
.  •.     pressure  on  base  of  tank  =  ^-^  =  280  lbs.  per  square  foot 

=  \^&    =  1-94  lbs.  per  square  inch. 

(2)  If  the  pressure  of  the  steam  inside  a  boiler  is  140  lbs.  to  the 
square  inch,  to  find  the  thrust  supported  by  the  ends  of  the  boiler, 
given  that  they  are  cu-cular  and  6  ft.  in  diameter. 

Here  the  area  of  either  end  =  -^  x  (f)2  sq.  ft.  =  ^s.  sq.  ft. 

=    2  85J.2    gq^    iug.^ 

and  the  pressure  =  140  lbs.  per  sq.  in.  ; 

.-.     thrust  on  either  end  =  ^p^  x  140  =  28512  x  20 

=  57.!240  lbs.  weight  =  2<34-|-  tons. 
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71.  Change  of  Units. — WLen  a  given  pressure  is 
expressed  in  terms  of  one  system  of  units  its  measure  in 
terms  of  any  other  unit  may  be  found  in  the  manner 
illustrated  in  the  following  examples  : — 

Examples. — (1)  To  express  a  pressure  of  15  lbs.  per  square  inch  in 
(i.)  tons  per  square  foot,  (ii.)  poundals  per  square  foot. 

On  1  sq.  in.  the  pressure  produces  a  thrust  of  15  lbs.  weight. 
Therefore,  on  1  sq.  ft.   (=  144  sq.  in.)   the  pressure  produces  a 
thrust  of  15  X  144  lbs.  weight. 

.*.    pressure  =  15  x  144  lbs.  per  square  foot 

15x144,  »     , 

= tons  per  square  foot 

2240  ^ 

=  fl^  of  a  ton  per  square  foot. 

(ii.)  Taking  the  acceleration  of  gravity  as  32, 

1  lb.  weight  =  32  poundals  ; 

.'.    pressure  =  15  x  144  x  32  poundals  per  square  foot 

=  69120  poundals  per  square  foot. 

(2)  To  express  a  pressure  of  1000  oz.  per  square  foot  in  pounds  per 
square  inch. 

On  I  sq.  ft.  (=  144  sq.  ins.)  the  pressure  exerts  a  force  =  1000  oz. 
Therefore,  on  1  sq.  in.  the  pressure  exerts  a  force 

1000  1000     „ 

=  oz.  =  lbs. 

144  144  X  16 

.-.    pressure  = =  -434028  lbs.  per  square  inch. 

(3)  To  express  a  pressure  of  1  kilog.  per  square  metre  (i.)  in 
grammes  per  square  centimetre,  (^ii.)  in  C.G-.S.  dynamical  units. 

On  1  sq.  metre  (=  100^  sq.  cm.)  th3  pressure  exerts  a  force 

=  1  kilog.  =  1000  gm. 
Therefore,  on  1  sq.  cm.  the  pressure  exerts  a  force 
1000  ^        .1  ^ 

=  Too^^^-=   ^^' 

Hence  pressure  =  -1  gm.  per  square  centimetre. 

The  C.G.S.  dynamical  unit  of  pressure  is  a  pressure  of  1  dyne  per 
square  centimetre. 

Now  the  acceleration  of  gravity  =.  981  cm.  per  second  per  second ; 
.-.     weight  of  a  gramme  =  981  dynes  ; 
.-.     given  pressure  =  981  x   1  =  98-1  dynes  per  square  centimetre. 
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(4)  Tlie  measure  of  a  pressure  in  terms  of  certain  units  of  length  and 
force  is  p.  To  find  its  measure  when  the  unit  of  length  is  increased  L 
times,  and  the  unit  of  force  is  increased  F  times. 

The  new  unit  of  area  =  area  of  square  on  new  unit  of  length  =  area 
of  a  square  whose  side  contains  L  old  units  =  Z-  old  units  of  area. 

Hence  the  thrust  on  the  new  unit  of  area 

=  pU  old  units  of  force 

=  -^— -  new  units  of  force  ; 
F 

and,  therefore,  the  measure  of  the  pressure 

=  - — -  new  units  of  pressure. 

72.  Pascal's  Law. — This  law,  which  is  also  known  as 
the  Principle  of  Transmission  of  Fluid  Pressure, 
may  be  stated  thus  : 

When  any  pressure  is  applied  to  any  part  of  the 
surface  of  a  fluid,  an  equal  and  uniform  pressure  is 
transmitted  over  the  whole  fluid. 

73.  Experimental  Veriflcation, — Let  a  closed  vessel 
of  any  shape  be  filled  with  water,  or  other  fluid  (T'ig.  16). 
Let  short  tubes  of  equal  sectional  area  (say  1  sq.  in.) 
be  attached  to  openings  made  in  different  parts  of  the 
walls  of  the  vessel,  and  let  these  tubes  be  closed  with 
tight-fitting  plugs  or  pistons,  acted  upon  by  such  forces 
as  support  the  weight  of  the  flaid.  If  now  an  additional 
force,  say  of  1  lb.,  be  applied  to  any  one  of  the  plugs 
(say  >4)  it  will  be  necessary  to  apply  an  additional  force 
of  1  lb.  to  each  of  the  other  plugs  B,  C,  D,  to  prevent  their 
coming  out ;  similarly,  if  the  force  on  A  be  increased  by 
2  lbs.  or  any  other  amount,  the  force  applied  to  each  of 
the  other  plugs  will  also  have  to  be  increased  by  2  lbs. 
Hence  a  pressure  of  1,  2  or  more  pounds  per  square  inch 
imparted  to  the  surface  of  >4  gives  rise  to  an  equal  pressure 
over  every  other  square  inch  of  the  surface. 

Observation.  —  This  experiment  would  be  very  difficult  to  ari'ange 
in  practice. 

But,  without  actually  perfoi-ming  the  experiment,  the  law  may  be 
deduced  from  the  principle  of  "  Conservation  of  Energy,"  as 
follows : — * 


•  Another  proof  will  be  Riven  in  §§  79,  80. 
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*74.  Proof  of  Pascal's  Law. — Let  a  quantity  of  fluid 
be  contained  in  a  vessel  furnished  with  projecting  tubes 
of  sectional  areas  A,  i?,  C,  D,  along  which  tight-fitting 
pistons  A^  B,  G,  D  can  slide.  Suppose  the  fluid  without 
weight,  so  that  the  only  forces  acting  on  it  are  thrusts 
P,  Q,  Ef  S  applied  on  the  pistons. 


Fig.  16. 

Let  the  piston  A  be  pushed  in  to  tt,  and  let  it  push  the 
piston  B  out  to  b,  so  that  the  volume  of  the  fluid  is 
unaltered  and  the  other  pistons  remain  where  they  were. 

Since  a  fluid  offers  no  resistance  to  changes  of  shape 
which  do  not  alter  its  volume,  therefore  no  work  is  done 
on  the  fluid  itself  in  moving  the  pistons. 

Therefore  the  worlc  done  by  P  is  equal  to  the  work  done 
against  Q.  .*.     PxAa  =  QxBb    (i.). 

Again,  the  volume  of  fluid  forced  out  of  the  tube  A  a  is 
equal  to  the  volume  forced  into  Bb ;  that  is, 

>4a  X  (area  ^)  =  ^6  X  (area  ^)    (ii.) 

From  (i.)  and  (ii.)  we  have 

P_-Q 

A  ~  B' 

But  P-^A  and  Q-f-JB  are  the  pressures  on  the  pistons 
A,  B  (§  70). 

Therefore  these  pressures  are  equal,  and  similarly  the 
pressures  on  the  other  pistons  are  also  equal. 
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75.  Variable  Presstire. — Def. — Wbcn  the  thrusts  of 
a  fluid  on  equal  plane  areas  are  not  equal,  the  pressure 
of  the  fluid  is  said  to  be  variable. 

When  a  fluid  is  subjected  to  forces  (sucli  as  that  due  to 
its  weight)  which  act  on  its  substance  and  not  merely  on 
its  bounding  surface,  the  pressure  of  the  fluid  is  in  general 
variable. 

Variable  pressure  cannot  in  general  be  measured  by  the 
thrust  actually  exerted  on  a  unit  of  area,  but  it  may  be 
said  to  be  measured  by  the  thrust  per  unit  of  area.  By 
"the  thrust  per  unit  area"  is  meant  the  thrust  which 
would  be  produced  on  a  unit  area  by  a  uniform  pressure 
of  the  same  intensity. 

76.  Average  Pressure.  —  Def.  —  The  average  pres- 
sure of  a  fluid  over  any  plane  area  is  measured  by  the 
resultant  thrust  of  the  fluid  divided  by  the  area. 

Examples. — (1)  If  a  fluid  exerts  a  thrust  of  144  lbs.  on  a  square 
whose  area  is  9  sq.  ins.,  the  average  pressure  is  144/9  or  16  lbs.  per 
square  inch.  The  same  thrust  would  be  exerted  on  the  area  by  a 
uniform  pressure  of  16  lbs.  per  square  inch  over  the  area. 

(2)  If  the  thrust  on  an  area  of  yi^  sq.  in.  is  -^  lb. ,  the  average 
pressure  =  -io-^Tho  =  5  lbs.  per  square  inch. 

The  same  thrust  would  be  produced  on  the  same  area  by  a  uniform 
pressure  of  6  lbs.  per  square  inch. 

The  word  "per"  thus  implies  that  the  area  actually  exposed  to 
fluid  pressure  is  not  necessarily  equal  to  the  unit  of  area. 

From  §  70,  it  appears  that,  when  the  pressure  of  a  fluid 
is  uniform,  the  average  pressures  on  different  areas  are  all 
equal  to  the  pressure  of  the  fluid.  When  the  pressure  on 
any  area  is  variable,  the  average  pressure  measures  the 
pressure  that,  acting  uniformly  over  the  area,  would 
produce  the  same  thrust  as  the  given  pressure. 

77.  If  we  consider  the  action  of  fluid  pressure  over  a  sufficiently 
small  plane  area,  the  pressure  will  not  vary  appreciably  in  the  very 
small  distance  separating  two  different  parts  of  this  area,  and  it  may 
therefore  be  regarded  as  pmctically  a  uniform  pressure.  This  pressure 
is  equal  to  the  average  pressure  over  the  whole  of  the  little  area,  and, 
since  it  is  uniform,  it  may  be  said  to  be  the  pressure  at  any  point  oi 
the  area. 
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78.  FBESSUB.E  AT  A  POINT. 

Definition. — The  pressure  at  a  point  of  a  fluid  is  the 
average  'pressure  {or  average  thrust  per  unit  area)  taken  over 
any  very  small  plane  area  enclosing  that  point. 

The  area  in  question  must  be  so  small  that  the  pressure 
all  over  it  is  sensibly  uniform  (§77). 

Obseryation. — It  is  advisable  to  regard  "  pressure  at  a 
point  "  as  an  abbreviated  expression  for  "  pressure  in  the 
immediate  neighbourhood  of  a  point."  It  vs^ould,  of  course, 
be  absurd  to  imagine  that  fluid  pressure  could  have  any 
efiPect  on  a  mere  mathematical  point,  for  pressure  could 
produce  no  thrust  if  it  had  nothing  to  act  on. 

79.  FUNDAMENTAL  LAW  OP  HYDROSTAT- 
ICS.— The  pressure  at  any  point  of  a  fluid  at  rest 
is  the  same  in  all  directions. 

*Proof  of  the  Law.  —  Let  A  be  any  point  in  a  fluid.  Let  a 
wedge  in  the  form  of  a  triangular  right  prism  he  constructed  in  the 
fluid  at  A  (Fig.  17),  having  its  faces  in  any  given  directions. 


^ 


I 


B  S 

Fig.  17. 

Then  the  fluid  inside  the  wedge  is  kept  in  equilibrium  by  (i.)  the 
thrusts  of  the  fluid  on  its  faces,  and  (ii.)  its  own  weight.  But, 
if  the  wedge  is  very  small,  its  weight  may  be  shown  to  be  very 
small  compared  with  the  thrusts  on  its  faces  ;  hence,  by  taking  the 
wedge  small  enough,  we  may  neglect  its  weight  altogether. 

Let  the  forces  on  the  rectangular  faces  Be,  Ca,  Ab  be  denoted  by 
P,  Q,  R.  These  three  forces  must  be  in  equilibrium  among  them- 
selves, since  the  only  other  forces  on  the  wedge — viz.,  the  thrusts 


80  HYDROSTATIOS. 

perpendicular  to  the  triangular  faces — are  perpendicular  to  P,  Q,  H. 

Now  the  forces  P,  Q,  E  are  perpendicular  to  BO,  CA,  AB,  the  sides 
of  the  triangle  ABC ;  therefore,  by  the  ' '  Perpendicidar  Triangle 
of  Forces, ' '  these  forces  are  proportional  to  the  sides  ; 

.    Z  =  A=  A. 

"    BC      CA      AB' 

But  Aa,  Bb,  Cc,  the  heights  of  the  faces,  are  equal. 

.  -P  Q H 

rectangle  Be      rectangle  Ca      rectangle  Ab  ' 
.*.     average  pressure  on  face  Be  =  average  pressure  on  Ca 
=  average  pressure  on  ^46. 


Fig.  17. 

And  since  the  areas  have  been  taken  very  smaU,  these  average  pres- 
sures are  the  pressures  at  the  point  A  in  the  directions  perpendicular 
to  the  planes  Be,  Ca,  Ab,  which  are  therefore  equal. 

In  the  same  way,  it  may  be  shown  that  the  pressures  at  A  in  any 

other  directions  are  equal.        ) 

[That  the  weight  of  the  fluid  may  be  left  out  of  account  in  considering  the 
equilibrium  of  the  very  small  wedge  may  be  shown  as  follows : — Let  the  wedge 
be  inverted ;  then,  if  the  wedge  is  very  small,  the  forces  P,  Q,  B  arising 
from  the  fliiid  pressures  on  its  faces  are  reversed  in  direction  without  being 
sensibly  altered  in  magnitude.  But  the  direction  in  which  the  weight  acts  is  not 
reversed.  Hence  the  weight  of  the  fluid  cannot  sensibly  affect  the  conditions  of 
equilibrium  of  the  wedge,  for,  if  it  did,  the  wedge  would  no  longer  be  in  equi- 
librium in  its  invei-ted  position.] 

Observations.  —  Since  the  pressure  at  a  point  is  the 
same  in  all  directions,  we  speak  of  the  "pressure  at  a 
point "  in  a  fluid  without  specifying  its  direction. 

When,  however,  the  fluid  pressure  acts  on  the  surface 
of  any  solid  body,  its  direction  is  fully  specified,  being 
perpendicular  or  normal  to  the  surface. 


DEFINITIONS    AND    PHOFKIITIES    OP    PRESSURE. 


81 


*80.  Deduction  of  Pascal's   law  for   a   weightless   fluid. 

When  no  forces  act  on  the  mass  of  a  fluid  the  pressure  is  the  same  in 
different  parts. 

Consider  a  rectangular  column  of  the  fluid  taken  in  any  direction, 
whose  ends  ABCD  and  abed  are  each,  say,  1  in.  square.  In  order 
that  this  column  may  be  in  equilibrium,  the  forces  on  these  two  ends 
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Fig.  18. 

must  be  equal ;  for  the  only  other  forces  are  due  to  the  pressm-es  on 
the  other  faces,  and  are  perpendicular  to  them.  But  the  areas  of 
the  faces  ABCD  and  abed  are  equal ;  therefore  the  pressures  on  them 
are  equal. 

And,  from  §  79,  we  see  that  the  pressures  in  the  neighbourhood  of 
/I,  a  are  the  same  in  all  directions.  Hence  the  pressure  is  the  same 
throughout  the  whole  of  the  fluid. 

SummabY. 


1.  Definitions  of  jPressurc. — If  F  is  the  thriist  of  a  fluid  against  a 

p 
plane  surface  of  area  A,  the  fraction     — 

measm-es — 

(i.)  The  pressure  of  the  fluid,  if  this  pressui-e  be  uniform. 
(ii.)  The  average  pressure  on  the  area,  if  the  pressure  be  variable. 
(iii.)  The  pressure  at  a  point,  if  the  area  A  he  a.  vei'y  small  plane 
area  containing  that  point. 

2.  Latvs  of  Fluid  Fressure. — The  pressure  of  a  fluid  at  rest 
(i.)  Is  perpendicular  to  the  stu-face  on  which  it  acts. 

(ii.)  Is  the  same  in  all  directions  at  a  given  point. 

3.  FascaVs  Law. — "V\Tien  no  forces  (such  as  that  due  to  gi'avity)  act 
on  the  fluid  particles  themselves,  the  pressure  is  the  same  throiighout 
the  fluid. 

HYDRO.  O 
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EXAMPLES  VIII. 

1.  How  is  fluid  pressure  measured  when  uniform?  Compai'e  the 
pressures  of  15  lbs.  on  a  square  inch  and  of  1000  oz.  on  a  square  foot. 

2.  Compare  {i.e.,  find  the  ratio  of)  the  following  pressures  : — 
(i.)  14  lbs.  per  square  inch  and  8  tons  per  square  yard  ; 

(ii.)  28  lbs.  per  square  inch  and  16  2  tons  per  square  foot ; 
(iii.)  28  gTn.  per  square  centimetre  and  16-1  kilog.  per  square  metre. 

3.  The  pressm'e  of  the  atmosphere  is  15  lbs.  per  square  inch. 
Express  this  pressxire — 

(i.)  in  ounces  per  square  foot ; 

(ii.)  in  poundals  per  square  foot ; 
(iii.)  in  tons  weight  per  square  yard  ; 
(iv.)  in  grains  per  square  line  (1  lb.  =  7000  grs.,  1  in.  =  12  lines). 

4.  The  pressure  of  the  atmosphere  is  103  gm.  per  square  centimetre. 
Express  this  (i.)  in  kilogrammes  per  square  metre,  (ii.)  in  tonnes  per 
square  kilometre,  (iii.)  in  milligrammes  per  square  millimetre,  (iv.)  in 
djrnes  per  square  centimetre. 

5.  Taking  the  pressm^e  of  the  atmosphere  as  equal  to  14 1  lbs.  per 
square  inch,  find  its  value  in  dynes  per  square  centimetre,  assuming 
that  a  gramme  is  -0022  lb.,  and  that  a  metre  is  39  ins. 

6.  A  piston  6  sq.  ins.  in  area  is  inserted  into  one  side  of  a  closed 
cubical  vessel  measuring  10  ft.  each  way,  filled  with  water;  the 
piston  is  pressed  inwards  with  a  force  of  12  lbs.  Eind  the  increase  of 
thrust  produced  on  the  face  of  the  vessel. 

7.  The  neck  and  bottom  of  a  bottle  are  |  in.  and  4  ins.  in  diameter, 
respectively.  If,  when  the  bottle  is  full  of  water,  the  cork  is  pressed 
in  with  a  force  of  1  lb.,  what  force  is  exerted  upon  the  bottom  of  the 
bottle? 

8.  Explain  what  is  meant  by  the  2J^'cssicrc  at  a  poi/ii  in  a  fluid. 

A  prism,  whose  height  is  10  mm.  and  whose  base  is  an  isosceles 
triangle  with  sides  10,  10,  12  mm.  and  altitude  8  mm.,  respect- 
ively, is  placed  in  a  fluid  where  the  average  pressiu-e  is  100  gm.  per 
square  centimetre.  Find  the  thrusts  on  the  respective  faces,  and 
the  ratios  to  them  of  the  weight  of  water  required  to  fill  the  prism. 

9.  If  all  the  dimensions  of  the  prism  (see  the  last  question)  be 
reduced  to  one -tenth  of  the  above  measurements,  show  that  these 
ratios  will  be  one-tenth  of  their  previous  values.  Hence  show  that, 
if  a  prism  be  taken  sufficiently  small,  the  weight  of  the  fluid  in  it  can 
be  neglected  in  comparison  with  thi-usts  of  the  fluid  on  its  faces. 


CHAPTER    IX. 

APPLICATIONS   OF  FLUID   PRESSURE. 
THE  BRAMAH  PRESS. 

81.  The   Bramah,    or    Hydrostatic,    Press.  —  The 

hydraulic  press,  used  for  subjecting  bales  of  cotton,  sheets 
of  paper  for  printing:,  and  other  goods,  to  great  pressure, 
affords  an  excellent  illustration  of  Pascal's  Law  of  trans- 
mission of  fluid  pressure. 

It  consists,  essentially,  of  a  large  cylinder  A  and  a  small 
cylinder  G,  filled  with  water  and  connected  by  a  pipe. 
Both  contain  pistons  or  plungers  B,  /f,  which  can  slide  up 


Fig.  19. 

and  down  in  them,  the  larger  one  B  being  called  the 
press-plunger  and  the  smaller  the  pump-plu7iger. 

The  goods  to  be  compressed  are  placed  on  a  platform 
attached  to  the  press-plunger  B,  above  which  is  a  fixed 
framework.  To  work  the  machine  a  force  is  applied  to 
push  down  the  pump-plnnger  K.  The  pressure  thus 
produced  raises  the  press-plunger  B  and  compresses  the 
goods  between  the  platform  and  the  framework. 

By  making  the  plunger  B  very  large  and  the  plunger  K 
very  small,  a  small  downward  force  npplied  to  K  will 
produce  a  very  groat  upward  force  on  the  platform.      For 
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the  pressures  of  the  water  over  the  two  plungers 
are  equal.  Hence  the  thrusts  on  them  are  proportional  fco 
their  areas. 

Example. — If  the  area  of  the  pump-plunger  is  1  sq.  in.,  and  the 
area  of  the  press -plung-er  is  100  sq.  ins.,  then  a  force  of  1  lb.  on  the 
former  will  produce  a  pressure  in  the  fluid  of  1  lb.  per  square  inch. 

And  this  pressure,  acting  over  the  whole  area  of  the  press-plunger 
(100  sq.  ins.),  will  produce  a  thrust  of  100  lbs.  on  the  platform. 
Thus,  by  applying  a  force  of  1  lb.,  we  can  lift  a  weight  or  overcome 
a  resistance  of  100  lbs. 

The  following  additional  details  are  required  to  complete 
the  actual  working  machine,  represented  in  Fig.  21  :  — 


82.    Water-tight    Collar.  —  To 

prevent  the  water  fiom  escaping, 
the  space  between  each  plunger  and 
its  containing  cylinder  is  closed  with 
a  packing  or  collar  of  the  form 
shown  in  section  in  Fig.  20.  A  ring 
of  leather  is  (bided  over  the  rim  of 
the  cylinder  so  that  its  section  re- 
sembles an  inverted  U,  and  this 
leather  is  forced  airainst  the  plunger 
by  the  pressure  of  the  water  under- 
neath. The  greater  this  pressure 
the  more  tightly  docs  the  leather  fit 
round  the  plunger. 


Fiff.  20. 


83.  Fomp  Action. — When  the  pump-plunger  is  pushed 
down  through  the  whole  length  of  the  cylinder  containinjj: 
it,  the  press- plunger  only  rises  through  a  very  small 
distance.  In  order  to  lift  the  press-plunger  through  the 
required  height,  the  pump-plunger  is  arranged  to  work 
up  and  down  as  a  forcing-pump,  as  shown  in  Fig.  21. 
When  the  pump-plunger  is  pushed  down,  tlte  valve  V 
closes  and  the  valve /"opens,  and  the  water  lifts  the  press- 
plunger.  At  the  end  of  the  stroke  the  small  piston  is 
again  raised  ready  for  a  second  stroke.     The  valve  F  is 
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now  closed  by  the  pressure  in  front,  and  prevents  the 
escape  of  the  water  from  the  large  cylinder,  while  a  fresh 
supply  of  water  is  admitted  from  a  reservoir  /  to  the 
small  cylinder  by  means  of  the  valve  M .  At  the  next 
down-stroke  this  water  is  forced  into  the  large  cylinder. 
Thus  the  large  piston  is  raised  at  each  stroke  of  the  pump. 


Fig.  21. 


When  the  bales  have  been  compressed,  the  water  is 
allowed  to  return  from  the  large  cylinder  to  the  reservoir 
by  turning  on  a  tap  £,  and  the  piston  descends  by  its 
own  weight  ready  for  another  load. 

84.  ILever. — Instead  of  operating  directly  on  the  small 
piston,  it  is  usually  raised  aud  lowered  by  a  lever  /!/,  and 
this  serves  to  still  further  increase  the  mechanical  advan- 
tage of  the  apparai  us. 
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Examples. — (1)  If  the  pistons  are  circular,  and  of  diameters  1  in. 
and  2  ft.,  respectively,  to  find  the  force  required  to  overcome  a 
resistance  of  9  tons. 

Here  the  areas  of  the  circular  pistons  are,  respectively,  \ir  x  1"  and 
^TT  X  242  sq.  ins.  Also  the  thrust  of  the  fluid  on  the  larger  piston  is 
required  to  be  9  x  2240  lbs. 

Hence  the  pressure  of  the  fluid  is 

9  X  2240  1,  .     , 

lbs.  per  square  inch, 

1447r 

and,  since  the  area  of  the  smaller  piston  is  \ir  sq.  in.,  the  force  on  it 

.,  9x2240xi7r        9x560        oni, 

must  be  = ^—  = =  35  lbs. 

1447r  144 

[N.B. — The  numerical  value  of  ir  should  not  be  substituted.] 

(2)  If  the  areas  of  the  two  plungers  are  \  sq.  in.  and  10  sq.  in., 
and  the  pump -plunger  is  worked  by  a  lever  whose  arms  are  2  ins.  and 
28  ins.,  to  find  the  resistance  that  can  be  overcome  by  applying  a 
force  of  15  lbs.  to  the  end  of  the  longer  arm  of  the  lever. 

Let  Q  be  the  resultant  thrust  on  the  plunger.     For  the  equilibrium 
of  the  lever,  we  have,  by  taking  moments  about  the  fulcrum, 
Qx2  =  15x28; 
.-.     Q  =  15x14  =  210  lbs. 
This  force  of  210  lbs,  is  distributed  over  the  area  of  the  small 
plunger,  which  is  5  sq.  in. 

.•.    pressure  produced  =  210  4-;}  =  210  x  4  =  840  lbs.  per  square  inch. 
This  pressure  is  transmitted  to  the  surface  of  the  large  plunger, 
whose  area  is  10  sq.  ins.  ; 

.*.     upward  thrust  on  large  plunger  =  840  x  10  lbs. 
Hence  the  press  can  overcome  a  resistance  of  8400  lbs.,  that  is, 
3|  tons  weight. 

(3)  If,  in  the  last  example,  the  end  of  the  lever  is  raised  and 
lowered  through  1  ft.  at  every  stroke,  t«  find  the  number  of  strokes 
requisite  to  raise  the  press-plunger  through  1  in. 

Since  the  arms  of  the  lever  are  28  and  2  ins.,  respectively,  therefore, 
when  the  end  of  the  longer  arm  is  lowered  through  1  ft. ,  the  pimip- 
plunger  falls  through  ^^  ft.,  ?.«.,  ^  in. 

Hence  the  volimie  of  water  forced  out  of  the  pmnp  cylinder 
i  X  ^  cub.  in.  =  ^  cub.  in. 

This  volimie  is  forced  into  the  press  cylinder;  hence  the  press- 
plunger  rises  at  each  stroke  through  ^  -r  10 ins.,  i.e.,  through  ^f^  in. 

Hence  the  number  of  strokes  required  to  raise  it  through  1  in.  is 
=  H^  =  46|. 

Hence  4G  complete  strokes  must  be  made,  and  the  lever  must  be 
pressed  two-thirds  down  in  the  47th  stroke. 
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85.  Mechanical  advantage  of  Bramali's  Press 
without  a  lever. — Let  A,  B  be  f  he  areas  of  the  lar^e  and 
the  small  plunger,  Q  the  effort  or  force  applied  directly 
to  the  small  plungei-,  W  the  resistance  to  be  overcome. 

Then,  since  the  pressure  due  to  the  force  Q  distributed 
over  the  area  B  is  equal  to  that  due  to  the  force  W 
distributed  over  the  area  A  (by  Pascal's  Law), 

•  •     B~  A' 

1      .    ,     ,        .        W      A      area  of  press-plunffer 

.*.  mechanical  advantage  -—  =  —  = ^ '— — ^—  . 

Q       B      area  or  pump-plunger 

In  practice  the  plungers  are  always  circular. 

Let  a,  h  be  their  diameters  ;   then 

A  =  lTra\     B  =  iTvb^  ; 

.*.     mechanical  advantage  — -  =  ^'^  .,  =  —5-. 

86.  Mechanical  advantage  taking  account  of  the 
lever. — Next  suppose  the  pump  worked  by  means  of  a 
lever  whose  arms  are  a\  ?/,  the  effort  used  to  work  it  being 
a  force  P  applied  at  the  end  of  the  arm  x.  Then,  if  Q 
denote  as  before  the  thrust  acting  on  the  pump-plunger 
applied  at  the  end  of  the  arm  ?/,  we  have,  by  taking 
moiVients,  Pxx  =  Qxy, 

or  ^  =  -    ; 

N       .  ^    y 

whence,  by  the  last  article, 

.'.  mech.  advantage  -—  =  — x-7^  =  — -x  —  =:--^x  — 
F         Q        r         B       y  Ir       y 

=  (mechanical  advantage  of  lever)  x  (that  of  press), 

as  it  obviously  should  be. 

87.  The  so-called  "  Hydrostatic  Paradox  "  consists 
in  tlie  fact  that  a  small  force  may  be  made  to  overcome  a 
far  greater  resistance  by  means  of  a  hydraulic  press. 
There  is  really  nothing  paradoxical  in  tliis,  for  the  simple 
machines  or  "  mechanical  powers"  described  in  text-books 
in  Mechanics  all  have  the  same  property. 
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The  Principle  of  Conservation  of  Energy  is  satisfied  in 
all  cases.  In  the  hydraulic  press,  in  which  a  small  force 
applied  to  the  small  plunger  overcomes  a  large  resistance 
applied  to  the  large  plunger,  the  former  plunger  has  to  be 
moved  through  a  considerable  distance  in  order  to  move 
the  latter  t'n-ough  a  small  distance,  and  the  work  done  by 
the  effort  always  equals  that  done  against  the  resistance. 

Examples. — (1)  To  verify  the  principle  of  Conservation  of  Energy 
for  the  Example  of  §  81  (p.  82). 

The  area  of  the  large  piston  is  100  sq.  ins.  ;  hence,  if  we  want  to 
raise  it  through  ^i^  in.  we  must  drive  1  cub.  in.  of  water  from 
the  small  cylinder  into  the  large  one,  and  to  do  this  the  small 
piston  must  be  pushed  down  1  in. 

But  the  work  done  by  1  lb.  in  moving  through  1  in.  is  equal  to  the 
work  done  by  100  lbs.  in  moving  through  yi^  in.  Hence  the  work 
done  by  the  effort  is  equal  to  the  work  done  against  the  resistance. 

(2)  In  the  press  of  Examples  (2),  (3),  p.  84,  the  work  done  by 
the  effort  (15  lbs.)  in  46|  strokes  of  the  pump 

=  15  X  46|  ft. -lbs.  =  700  ft. -lbs. 
The  work  done  against  the  resistance  of  8400  lbs.  in  raising  the 
platform  through  1  in. 

=  8400  X  -i  ft. -lbs.  =  700  ft. -lbs. 
These  works  are  equal,  thus  verifying  the  principle. 

88.  To  verify  the  Principle  of  Conservation  of  Energfy 
for  the  hydraulic  press  generally,  the  process  is  the  converse  of 
§  74,  where  the  principle  was  used  to  prore  Pascal's  Law  by  means 
of  a  similar  contrivance.  The  proof  is  left  as  an  exercise  to  the 
student. 

•    89.  The    Safety-Valve. — The  boiler   of  every  steam- 
engine   is    furnished    with    at    least    one    safety-valve 
(more  often  two),  which  prevent  the  pressure   from    be- 
coming sufficient  to  burst  or 
injure  the  boiler.     A  safety- 
valve  is  also  attached  to  the  ^ 
hydraulic  pre-s  at  L  (Fig.  21) 
for  a  similar  purpose. 

The  tube  K  (Fig.  22)  is  con- 
nected with  the  fluid  under 
pressure,  a7id  is  closed  by  the 
valve  ^,  which  is  held  down  Fig  22. 
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by  an  adjustable  weigbfc  W .  The  pressure  required  to  lift 
the  valve  must  not  exceed  the  greatest  pressure  of  fluid 
consistent  with  safety.  For  less  pressures  the  valve 
remains  closed  ;  for  greater  pressures  the  valve  rises  and 
fluid  escapes,  so  that  no  further  increase  of  pressure  can 
take  place. 

The  figure  shows  the  most  common  form  of  safety-valve, 
in  which  the  weight  is  attached  to  a  lever  OB^  operating 
on  the  valve  at  A.  By  varying  the  weight,  or  sliding  it 
along  the  lever,  the  valve  may  be  made  to  open  at  any 
desired  pressure. 

Examples. — (1)  If  the  section  of  the  tube  of  the  safety-valve  is  a 
square  of  side  \  in.,  to  find  the  weight  which  must  be  placed  on  it  so 
that  it  opens  when  the  pressure  exceeds  135  lbs.  per  square  inch. 

Here  the  area  of  the  valve  exposed  to  pressure  is  ^  sq.  in.  Hence 
the  upward  force  on  it  at  the  given  pressure 

=  135  X  i  lbs.  =  15  lbs. ; 
therefore  the  valve  must  be  loaded  with  a  weight  of  15  lbs. 

(2)  Suppose  the  tube  is  circular  and  i  in.  in  diameter,  the  maximum 
pressure  140  lbs.  per  square  inch,  and  the  valve  is  held  down  by  a 
lever  carrying  a  moveable  weight  of  5^  lbs.,  to  find  where  this  weight 
must  be  placed. 

The  thrust  required  to  lift  the  lever  must 

=  140  X  -2_"  X  iW  lbs-  =  -¥  Ihs. 
Hence,  if  0  is  the  fulcrum,  A  the  centre  of  the  valve,  and  B  the 
point  where  the  weight  is  attached,  we  have,  by  takiag  moments, 

\5-  X   0>4    =    JgL  X  OB, 

.-.     0B  =  5.0A; 

that  is,  the  distance  of  the  weight  from  the  fulcrum  must  be  five 
times  the  distance  of  the  centre  of  the  valve. 

(3)  The  area  of  a  safety-valve  exposed  to  pressure  is  A,  and  the 
valve  is  held  down  by  a  weight  TF  which  can  slide  along  a  lever,  the 
distance  OA  of  the  centre  of  the  valve  from  the  fulcrum  being  known. 
To  find  where  the  weight  must  be  placed,  if  the  maximum  pressure 
that  the  boiler  will  stand  is  p. 

Let  B  be  the  required  point  at  which  the  weight  must  be  hxmg 
from  the  lever. 

When  the  pressure  is  p,  the  force  acting  on  the  lever  at  A  is  py.A, 
Therefore,  by  taking  moments  about  0, 

jrxOB  =pJxOA  : 
whence  the  required  distance  OB  =  ^      x  OA. 


90 


IlTDROSTATrCS. 


90.  The  Steam  Hammer 

(Fig.  23)  consists  of  a  heavy 
metal  hammer  attached  to  a 
piston,  which  is  forced  down 
by  steam  pressure  applied 
to  its  upper  surface.  On 
striking  the  bar  of  iron  or 
other  object  to  be  forged, 
the  energy  of  its  motion  is 
converted  into  useful  work. 

A  similar  machine  is  used 
in  driving  rivets  or  bolts 
through  metal  plating  in 
ship-building,  &c. 


Fig.  23. 
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1.  Tlie  principal  parts  of  Bra}n(ih''s  Press  arc — 

Large  cylinder  containing  press-phinger,  attached  to  platform  on 
which  goods  are  compressed  against  framework  ; 

Small  cylinder  containing  pump-plunger,  operated  by  lever  ; 

Water-tight  collars  fitted  round  plungers  ; 

Valves  allowing  small  plunger  to  be  worked  as  a  forcing-pmnp. 

2.  By  Pascal's  Law, 

pressure  over  small  plunger  =  pressure  over  large  one  ; 
hence  the  thrusts  on  them  are  proportional  to  their  areas. 

3.  The  safety -valve  and  steam  hammer  also  work  by  fluid  pressure. 

EXAMPLES  IX. 


1.  In  a  hydraulic  press  the  pump-plunger  is  a  cylinder  1  cm.  in 
diameter,  and  makes  a  stroke  7  cm.  long.  The  plunger  of  the  press 
is  20  cm.  in  diameter.  Calculate  {a)  the  pressiu-e  in  the  press  when 
a  weight  of  100  lbs.  is  applied  to  the  pump-plunger  (ignoring  fric- 
tion) ;  {h)  the  force  acting  on  the  press-plunger ;  {c)  the  niimber  of 
strokes  which  the  pump  must  make  in  order  to  raise  the  press-plunger 
10  cm. 
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2.  In  the  Bramah  press  the  areas  of  the  two  cylinders  are  ^  sq.  in. 
and  5  sq.  ins,,  and  the  lengths  of  the  arms  of  the  lever  by  which  it  is 
worked  are  36  ins.  and  Ij  ins.  How  much  thrust  is  obtained  by 
applying  to  the  end  of  the  longer  arm  a  force  of  15  lbs  ? 

3.  In  the  Bramah  press  the  areas  of  the  two  pistons  are  ^  sq.  in. 
and  16  sq.  ins.,  respectively.  If  the  lengths  of  the  arms  of  the  lever 
are  in  the  ratio  of  20  :  1 ,  what  force  must  be  applied  at  the  end  of  the 
lever  in  order  to  produce  a  thrust  of  16,000  lbs.  ? 

4.  If  a  resistance  of  1  ton  is  overcome  by  a  force  of  5  lbs.  applied 
to  a  Bramah  press,  and  the  diameters  of  the  pistons  arc  in  the  ratio  of  8 
to  1 ,  find  the  ratio  of  the  arms  of  the  lever  employed  to  work  the  piston. 

5.  If  the  lengths  of  the  arms  of  the  lever  in  a  Bramah  press  are 
30  ins.  and  2  ins.,  respectively,  and  area  of  the  smaller  piston  be 
i  sq.  in.,  what  must  be  the  area  of  the  larger  piston  in  order  that  a 
force  of  10  lbs.  applied  at  the  end  of  the  lever  may  produce  a  thrust 
of  9000  lbs.  ? 

G .  Verify  the  Principle  of  Conservation  of  Energy  for  Bramah's  press. 

7.  A  safety-valve  whose  area  is  1|  sq.  ins,  is  held  down  by  a  weight 
of  28  lbs.  attached  to  the  longer  aim  of  a  lever  whose  arms  are  2  ins. 
and  2  ft.    What  pressure  wiU  just  lift  the  valve  ? 

8.  Supposing  the  tube  to  be  circular  and  f  in.  in  diameter, 
and  the  maximum  pressure  to  be  350  lbs.  per  square  inch,  find  the 
load  which  must  be  placed  on  the  valve. 

9.  The  piston  of  a  steam  hammer  is  f  sq.  ft.  in  area,  and  it  is 
forced  down  through  18  ins.  by  a  steam -pressure  of  240  lbs.  per  squai'e 
inch.     How  many  foot-pounds  of  work  have  been  done  on  it  ? 

10.  A  steam  hammer  weighing  1  ton,  and  the  diameter  of  whose 
piston  is  14  ins.,  is  forced  down  by  steam  at  a  pressure  of  30  lbs. 
per  square  inch,  and  on  striking  a  piece  of  iron  compresses  it  by  ^  in. 
If  the  total  distance  fallen  by  the  hammer  is  2  ft.,  find  the  average 
resistance  of  the  iron, 

[Assmne  that  the  whole  work  done  on  the  hammer  is  expended 
in  compressing  the  iron,] 
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EXAMINATION  PAPER  IV. 

1 .  What  is  meant  by  the  pressure  of  a  fluid  ?  How  does  it  differ 
from  ordinary  statical  pressure  ? 

2.  Estimate  a  pressure  of  15  lbs.  weight  per  square  foot  in  dynes 
per  square  centimetre. 

3.  Show  that  any  pressure  applied  to  the  surface  of  a  fluid  is 
transmitted  equally  in  all  directions. 

4.  A  thrust  of  15  lbs.  is  applied  to  a  square  piston  whose  edge  is 
5  ins.,  fitting  into  a  vessel  containing  liquid.  What  pressure  per 
square  inch  is  transmitted  to  the  liquid  ? 

5.  Explain  the  Hydrostatic  Paradox. 

6.  Two  communicating  cylinders,  the  diameters  of  whose  bases  are 
3  ins.  and  8  ins.,  respectively,  are  fitted  with  pistons.  If  a  weight 
of  27  lbs.  be  placed  on  the  smaller  piston,  what  weight  must  be  placed 
on  the  larger  to  keep  it  at  rest  ? 

7.  Describe  Bramah's  Press.  Upon  what  principle  does  its  action 
depend  ? 

8.  Eind  the  thrust  that  can  be  produced  in  a  Bramah's  press,  the 
areas  of  whose  pistons  are  as  100  :  1,  by  a  force  of  16  lbs.  applied  at 
the  end  of  a  lever  28  in.  long,  and  at  a  distance  of  24  ins.  from  the 
point  of  attachment  of  the  piston  rod.  (In  this  and  the  two  following 
examples  the  lever  is  of  the  second  class.) 

9.  If  the  areas  of  the  pistons  in  a  Bramah's  press  are  as  8:1, 
what  force  must  be* applied  at  the  end  of  a  lever  21  ins.  long  and  at 
a  distance  of  18  ins.  from  the  piston  rod  to  produce  a  thrust  of 
2^  tons  ? 

10.  Find  the  ratio  of  the  areas  of  the  pistons  if  a  force  of  12  lbs. 
produces  a  thrust  of  3  tons,  the  lever  being  28  ins.  long  and  the  force 
applied  at  a  distance  of  24  ins.  from  the  piston  rod. 


C  H  A  P  T  E  E     X. 

PRt]SSURB   IN   A  LIQUID   ARISING   FROM 
WEIGHT. 

Having  defined  the  pressure  at  a  point  of  a  fluid  in 
Chap.  VIIL,  §  78,  we  now  consider  the  pressure  at  any 
point  of  a  liquid  due  to  its  weight. 

91.  The  pressure  of  a  heavy  liquid  at  rest  is  the 
same  at  all  points  in  the  same  horizontal  plane. 

Consider  the  equilibrium  of  a  long  thin  rectangular 
portion  of  liquid,  whose  faces  ABCD  and  abod  are  vertical, 


w 
Fig.  24. 

and    whose  edges  Aa,  Bb,  Cc,  Dd  are  horizontal.      The 
forces  acting  on  this  portion  are — 

(i.)  The  weight  of  the  liquid  acting  vertically; 

(ii.)  The  thrusts  of  the  liquid  on  the  six  faces  acting 
perpendicular  to  them. 

Now  the  thrusts  (P,  Q,  suppose)  on  the  ends  AG  and  ac 
are  parallel  to  Aa,  and  all  the  other  forces  are  perpen- 
dicular to  them.  Therefore,  by  resolving  parallel  to  Aa, 
ve  have  P  =  Q.     Also  area  AG  =^  area  ac  ; 

.'.     P -^areii  AG  =  Q-^  area  ac, 
or  the  average  pressures  on  the  two  ends  are  equal. 

And,  by  taking  the  areas  AG,  ao  to  be  very  small,  we 
see  that  the  pressure  at  the  point  A  is  equal  to  the 
pressure  at  the  point  a. 

We  have  supposed  the  pressures  at  A,  CL  to  act  in  the 
horizontal  line  Aci.  Since,  however,  the  pressure  at  a 
point  is  the  same  in  all  directions  (§  79),  it  follows  that 
the  pressures  at  all  points  in  the  same  horizontal  plane  are 
equal,  independently  of  their  direction. 
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92.  The  pressure  of  a  uniform  heavy  liquid  is 
proportional  to  the  depth  below  the  surface  and  to 
the  density  of  the  liquid. 

Consider  a  rectangular  column  AB  whose 
square  base  is  tlie  unit  of  area,  extending 
from  the  surface  of  the  liquid  down  to  any 
given  depth.  The  liquid  inside  this  column 
is  kept  m  equilibrium  by  the  following 
forces : — 

(i.)  Its  weight  acting  vertically  down- 
wards ; 

(ii.)  The  upward  vertical  thrust  of  the 
adjacent  liquid  on  its  base  at  B ; 

(iii.)  The  horizontal  thrusts  on  the  vertical 


Resolving  vertically,  we  see  that 
thrust  on  base  B  =  wt.  of  liquid  column  AB. 

But,  since  the  base  is  horizontal,  the  pressure  is  the  same 
at  every  point  of  it,  and  is  therefore  uviform.  Hence  the 
numerical  measure  of  this  pressure  is  equal  to  the  thrust 
on  a  unit  of  area  (§  QQ^i  i.e.,  to  the  thrust  on  the  base,  or 
the  weight  of  the  column  AB.  The  weight  is  proportional 
to  the  volume  of  the  column,  and  therefore  to  its  height, 
and  also  to  its  density.  Hence  the  pressure  at  B  is  pro- 
portional to  the  depth  of  i5  and  to  the  density  of  the  liquid. 

Cor. — Hence  the  following  important  result : — 

The  pressure  of  a  heavy  liquid  at  a  given  depth  is  measured 
by  the  weight  of  a  column  of  liquid  whose  height  is  equal  to 
the  given  depth,  and  whose  base  is  the  unit  of  area. 

We  have  supposed  the  pressure  to  be  zero  at  the  surface 
of  the  liquid.  If  atmospheric  pressure  is  taken  into  account, 
it  is  clear  that  the  pressure  nt  B  will  be  equal  to  the 
pressure  at  A  plus  the  pressure  due  to  the  weight  of  the 
column  AB.  Similar  modifications  apply  to  the  results  of 
the  next  two  articles.     (C'.  §95.) 
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Example.  —  To  find   the  pressure   in  water  at  a 
depth  of  6  ft. 

Let  /ff  be  a  point  6  ft.  below  the  surface. 
Construct  a  rectangular  column  whose  base  is  1  ft. 
square,  extending  to  the  surface  at  A.     Since  the 
height  is  6  ft.,  the  column  can  be  divided  into  6 
cubes,  each  containing  a  cubic  foot ; 

.*.     volume  of  column    =  6  cub.  ft. 
Now  a  cubic  foot  of  water  weighs  1000  oz. ; 
.*.     weight  of  column  =  6000  oz. 
.*.     thrust  on  base  at5  =  6000  oz.  weight ; 
.-.     pressure     ,,         ,,    =  6000  oz.  per  square 

foot 

=  375  lbs.  per  square 

foot 


/---Jb 


Fig.  26. 


93.  To  find  expressions  for  the  pressure  of  a  given 
liquid  at  a  depth  of  7i  feet.  —  Firstly,  let  the  liquid 
be  water.  Construct  a  rectaugular  column  whose  base  is 
a  foot  square,  extending  from  the  surface  down  to  the 
depth  h  feet ;  then  the  weight  of  this  column  is  supported 
by  the  force  on  its  base,  and  therefore  measures  the  pressure 
per  square  foot. 

By  dividing  the  lieipfht  into  h  portions  each  1  ft.  high, 
the  column  may  be  divided  into  h  cubes,  each  measuring 
1  cub.  ft.     Hence  the  volume  of  the  column  is  h  cub.  ft., 
and  the  weight  of  the  water  contained  in  it  =  1000/i  oz. ; 
pressure  in  water  at  depth  of  /*.  ft. 

=  1000//  oz.  weight  per  square  foot. 

If  the  liquid  be  of  specific  gravity  s,  the  weight  of  the 
column  is  s  times  as  great  as  the  weight  of  the  corre- 
sponding column  of  water. 

.•.  pressure  at  depth  h  ft.  in  liquid  of  specific  gravity  s 
=  1000/f.s  oz.  per  square  foot. 

CoR.  1.  The  pressure  in  wafer  increases  by  1000  oz.  per  square  foot  for 
every  foot  of  increase  of  depth. 

CoE.  2.  If  the  specific  gravity  of  a  liquid  he  s,  the  increase  of  pressure 
for  every  foot  increase  of  depth  is  s  times  as  great  as  for  neater. 
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94.  To  find  the  pressure  of  a  given  liquid  at  a 
depth  of  h  centimetres.  —  Construct  a  column  whose 
base  is  1  cm.  square,  and  whose  height  is  hem..;  the  weight 
of  the  liquid  in  this  column  measures  the  pressure  at  its 
base  per  square  centimetre. 

Now  the  volume  of  the  column  is  h  cub.  cm. 

But  a  cubic  centimetre  of  water  weighs  a  gramme. 

Therefore,  if  the  liquid  be  water,  the  weight  of  the 
column  is  h  gm.,  and  if  the  liquid  be  of  specific  gravity  5, 
its  weight  is  hs  gra. ; 

pressure  at  depth  of  h  cm. 

=  h  grammes  per  square  centimetre  for  water 

=  hs    grammes    per    square     centimetre    for 
liquid  of  specific  gravity  s. 

Cor.  The  pressure  in  water  increases  by  1  gm.  per  square  centimetre 
for  every  centimetre  increase  in  depth. 

Examples. — (1)  A  corked-up  bottle  is  lowered  to  a  depth  of  28  ft. 
in  water,  and  the  cork  is  -^-^  ft.  in  diameter.  What  is  the  force  tending 
to  drive  the  cork  in  ? 

The  pressure  at  depth  of  28  ft.  =  28,000  oz.  per  square  foot. 
Also  the  diameter  of  the  cork  =  J^  ft.  ; 

.-.     its  area  =  Y-><  (sV)^  square  feet, 
and  the  force  on  the  cork 

=  3_3.  X  -gL  X  3V  X  28,000  oz.  =  if  p.  oz.  =  85i|  oz. 
=  5  lbs.  b\\  oz.  weight. 

(2)  A  penny  sinks  to  the  bottom  of  a  lake  100  metres  deep.  To 
find  the  force  which  the  pressure  of  the  water  exerts  on  either  face  of 
the  penny. 

The  pressure  at  a  depth  100  metres,  or  10,000  cm., 

=  10,000  gm.  per  square  centimetre 

=  10  kilog.  per  square  centimetre. 

The  diameter  of  a  penny  is  3  cm. ; 

.  •.     its  area  =  ^  x  |  x  |  sq.  cm. ,  or  ff  sq.  cm. ; 

.'.     the  force  on  either  face  =  ^-^^  kilog.  weight  =  ^-p-  kilog.  weight 

=  70J  kilog.  weight. 


[T. 
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Observation. — This  force  does  not  represent  the  resultant 
force  on  the  penny  as  a  ivhole,  because  both  sides  of  the 
penny  are  exposed  to  pressure,  and  these  pressures  act  in 
opposite  directions.  The  only  resultant  force  on  the  penny 
is  equal  to  the  weight  of  water  displaced  (Chap.  V.). 

We  may  find  in  like  manner  the  difference  between  the 
pressures  at  two  different  depths  of  a  liquid. 

Example. — To  find  the  difference  of  pressure  at  the  top  and  bottom 
of  a  vertical  tube  760  mm.  long  filled  with  merciuy. 
The  specific  gravity  of  mercury  is  13-6. 
Therefore  1  cub.  cm.  of  mercury  weighs  13-6  gm. 
Therefore  difference  of  pressure  for  1  cm.  of  height 

=  136  gm.  per  square  centimetre. 
Therefore  difference  of  pressure  for  76  cm.  of  height 

=  13-6  X  76  =  1033-6  gm.  per  square  centimetre. 
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95.  To  find  a  general  expression  for  the  increase  of 
pressure  in  a  heavy  liquid  corresponding*  to  a  given  in- 
crease of  depth. 

Let  any  units  of  weight  and  length  be  chosen.  Let 
A,  B  he  two  points  in  the  liquid  in  the  same  vertical 
line.  Let  p  be  the  pressvu-e  at  y4,  P  the  pressure  at  By 
h  the  vertical  distance  AB,  to  the  weight  of  a  unit  volume 
of  Hquid. 

Describe   any  rectangular  or   cylindrical   cohmin   of 
liquid  whose  height  is  AB,  and  let  A  denote  the  area  of 
its  base  ;  the  volume  of  the  colimin  is  therefore  Ah. 
Then  the  only  vertical  forces  acting  on  the  column  are— 
(i.)  the  pressure  pA  acting  downwards  at  A  ; 
(ii.)  the  pressure  PA  acting  upwards  at  B  ; 
(iii.)  the  weight  of  the  column  tvAh  acting  downwards. 
Therefore,  for  the  equihbrium  of  the  column, 
P^  =  P^  +  wAh  ; 
.-.     P  =  p  +  whf 
or  P—p  =  zch. 

In  other  words,  the  increase  of  pressure  P—p 

=  (increase  of  depth)  x  (weight  of  unit  volmne  of  liquid), 
HYDRO,  H 


PA 


^A\ 
Fig.  27. 
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96.  Experimental  Illustrations.  —  The  properties 
proved  above  may  be  verified  by  means  of  the  apparatus 
shown  in  Fig.  28.  A  cylindrical  tube  has  its  lower  end 
closed  by  a  flat  plate  which  can  be  held  up  by  means  of  a 
string.  On  lowering  the  cylinder  in  water  it  will  be  found 
that,  after  a  certain  depth  has  been  reached,  the  string  may 
be  let  go  without  the  plate  sinking.  The  exact  depth  at 
which  this  happens  may  be  found  by  again  raising  the  tube 
slowly  until  the  plate  just  sinks;  the 
force  produced  by  the  pressure  on  the 
under  side  is  then  just  equal  to  the  weight 
of  the  plate.  Now  repeat  the  experiment 
with  different  weights  placed  on  the 
plate.  If  the  added  weight  is  equal  to 
the  weight  of  the  plate  (so  that  the  total 
weight  supported  is  doubled)  it  will  be 
found  that  the  depth  at  which  the  string 
may  be  let  go  is  also  doubled.  That  is, 
if  the  depth  be  doubled,  the  pressure  is 
doubled. 

Similarly,  if  the  depth  of  immersion 
be  increased  threefold,  the  total  w^eight 
when  the  plate  sinks  is   also  increased 
threefold,  and  so  on.     Hence  the  pressure  is  proportional 
to  the  depth. 

Next,  let  the  experiment  be  repeated  with  liquids  of 
different  densities.  It  will  be  found  that,  if  the  cylinder 
be  always  immersed  to  the  same  depth,  the  total  weight 
required  to  sink  the  plate  (including,  of  course,  the  weight 
of  the  plate  itself)  is  proportional  to  the  specific  gravity, 
and  therefore  to  the  density,  of  the  liquid. 


97.  To  show  that  the  free  surface  of  a  heavy- 
liquid  at  rest  is  horizontal.  (Cf.  §  98.) 

Take  any  two  points  P,  Q  in  the  liquid,  such  that  the 
line  PQ  is  horizontal,  and  lies  entirely  in  the  liquid.  Let 
the  verticals  through  P,  Q  meet  the  surface  in  /4,  B. 

Since  PQ  is  horizontal, 

.'.     pressure  at  /^  =  pressure  at  §.     (§91.) 
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But  the  pressures  at  P,  Q  are  pro- 
portional to  AP,  BQ,  the  depths  below 
the  surface ; 

.'.     AP  =  BQ; 

.'.     AB  is  parallel  to  PQ. 
But  PQ  is  horizontal ; 

.*.     >4^  is  horizontal. 
And,  similarly,   any  line  drawn  iu 
the   surface   is  horizontal ;    therefore 
the  surface  is  horizontal. 


Fig.  29. 


98.  The  surfaice  of  a  liquid  at  rest  rises  every- 
where to  the  same  level. 

Experimental  Illustration. — This  well-known  property 
may  be  verified  experimentally  by  constructing  an 
apparatus  such  as  that  shown  in  Fig.  30,  in  which 
several  open  vessels  of  different  shapes  and  sizes  Z),  £,  F 
communicate  freely  with  one  another.  If  water  or  any 
other  liquid  be  poured  into  one  of  them,  it  will  rise  to  the 
same  level  in  them  all. 


Fig.  30. 


The  'proof  of  §  97  holds  when  the  liquid  is  contained  in 
two  or  more  communicating  vessels  such  as  Z?,  E.  In 
this  case  all  the  free  surfaces  are  at  the  same  level,  and 
form  part  of  one  and  the  same  horizontal  plane.  If  the 
liquid  is  contained  in  a  vessel  such  as  that  shown  at  F 
the  proof  fails,  for  we  cnnnot  construct  a  vertical  column 
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wHose  base  is  at  a  point  R  of  the  bottom  without  passing 
out  of  the  liquid. 

Bnt  we  can  always  connect  any  point  R  with  the 
surface  by  means  of  a  zigzag  of  alternately  vertical  and 
horizontal  straight  lines  CH,  HK,  KR,  and  can  find  the 
difference  between  the  pressures  at  any  two  points  on 
this  zigzag  by  §  95. 

Thus,  since  GH  is  vertical,  we  have 

pressure  B,t  H  =  w  x  CH (i.), 

where  w  is  the  weight  of  unit  volume  of  liquid. 
Since  KH  is  horizontal, 

pressure  at  /f  —  pressure  at  //  =  0  (ii.). 

Since  KR  is  vertical, 
V.     pressure  at  /?  —  pressure  Sit  K  =  wxKR  ...  (iii.)- 


Fig.  30. 

Therefore,  by  adding  (i.),  (ii.),  (iii.), 

pressure  at  R  =  wx  {CH  +  KR) 

=  wx depth  of  R  below  surface.* 

We  may  now  show  that  the  liquid  in  the  vessel  F 
reaches  the  same  level  as  in  D.  For,  if  R  is  on  the  same 
level  as  P,  the  pressures  at  /?,  P  are  equal,  and  thereforo 
the  depth  of  R  Ijelow  the  surface  at  ^  is  equal  to  that  of  P 
below  the  surface  .".t  A.     Hence  AC  is  horizontal. 


•  For,  produce  RK  np  to  meet  tlie  horizontal  plane  through  C  in  L    Since  CL,  HK 
arc  parallel,  .-.  CH  =.  LK,  and  .-.  CH  +  KR  =  LR  -  depth  of /?  below  level  of  surface. 
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99.  The  Water  Level,  an  instrument  used  in  sur- 
veying, is  based  on  this  principle.  It  consists  of  two 
vessels  /),  E  communicating'  by  means  of  a  tube,  and 
partially  filled  with  water.  The  water  of  course  rises  to 
the  same  level  in  both,  and  enables  us  to  find  the 
horizontal  direction.  To  facilitate  its  use,  the  two  vessels 
contain  floats  A,  B  having  "  sights  "  /,  Y  fixed  on  them, 
which  rise  to  equal  heights  above  the  level  of  the  water. 
Since  the  water  reaches  the  same  level  in  the  vessels  D,  £, 
the  sights  are  also  on  the  same  level,  and  the  line  joining 
them  is  horizontal.  If  now  a  distant  object  be  observed 
to  be  in  a  line  with  the  two  sights,  we  know  that  the 
object  and  the  sights  are  on  the  same  level.  We  are  thus 
able  to  find  any  number  of  different  points  on  the  same 
level,  and  hence  to  determine  the  difference  of  level  of 
two  different  places. 


Fig.  31. 

100.  The  water  supply  of  towns  affords  an  excellent 
illustration  of  these  principles.  The  water  is  brought 
from  a  reservoir  above  the  town  by  means  of  a  series  of 
mains  and  pipes,  and,  whatever  be  the  arrangement  of 
these  mains,  the  water  everywhere  tends  to  rise  to  the 
level  of  its  surface  at  the  reservoir.  When  at  rest,  the 
pressure  of  the  water  at  any  point  is  proportional  to  the 
vertical  depth  of  that  point  below  the  reservoir. 

\_rrcwticalhf ,  however,  the  reRcrvoir  must  be  placed  somewhat  ahove 
the  highest  point  to  be  supplied,  in  order  that  the  water  may  Jloiv 
through  the  pipes  sufficiently  rapidly  to  supply  the  town.] 

101.  Def. — The  head  of  liquid  means  the  height  of 
the  column  of  liquid  to  which  the  pressure  at  any  given 
point  is  due. 

Thus,  at  a  point  100  ft.  below  the  level  of  the  reservoir  there  is  a 
head  of  water  of  100  ft. 
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102.  The  thrust  exerted  by  a  liquid  of  given  depth 
on  the  base  of  its  contaiuing  vessel  is  independent 
of  the  shape  of  the  remaining  portion  of  the  vessel. 

For  the  pressure  at  any  point  of  the  base  depends  only 
on  the  depth  of  the  liquid  and  the  density,  and  not  on  the 
shape  of  tlie  other  part  of  the  containing  vessel ;  and 
the  thrust  upon  the  base  depends  only  on  this  pressure 
and  the  area  of  the  base. 


103.  Pascal's  Vases. — The  above  properties  may  be 
illustrated  by  taking  a  number  of  vessels  of  conical, 
cylindrical,  and  other  shapes  (Figs.  33,  34,  35),  the  aper- 
tures at  the  bottom  of  which  are  of  the  same  size  and  can 
be  closed  by  a  circular  disc. 
One  of  the  vessels  is  fixed 
upright,  and  the  disc  closing 
it  suspended  from  a  hydro- 
static balance  by  a  string 
fastened  to  a  hook  on  its 
upper  side  (Fig.  32). 

In  the  other  scale-pan  are 
placed  weights  by  which 
the  disc  is  held  up  against 
the  bottom  rim  of  the  vessel. 

Now,  let  water  be  poured 
into  the  vessel.  The  disc 
will  fall,  and  the  water  will 
escape  as  soon  as  the  weight 
of  the  disc  and  the  thrust 

of  the  water  on  it  together  exceed  the   weights   in    the 
opposite  scale. 

Let  the  experiment  be  repeated,  using  the  same  weights 
and  one  of  the  other  vessels.  When  the  Avater  has  been 
poured  in  to  the  same  height  as  before,  it  will  again  escape. 
Hence  the  thrust  on  the  disc  is  the  same  in  each  case, 
provided  that  the  depth  of  water  and  the  area  of  the  base 
are  the  same. 


Fior.  32. 
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104.  To  explain  why  the  thrusts  on  the  bases  of 
Pascal's  Vases  are  not  always  equal  to  the  weight 
of  the  contained  liquid. 

Case  I.  —  In  a  cylindrical  vessel  ABCD  (Fig.  33)  the 
reactions  of  the  sides  AD,  BG  are  horizontal,  and  therefore 
the  thrust  on  the  base  equals  the  weight  of  the  liquid. 

Case  II.  —  If  the  sides  slant  upwards  from  the  base 
(Fig.  34),  the  thrust  on  the  base  (being  independent  of 
the  shape  of  the  vessel)  is  the  same  as  in  a  cylindrical 
vessel  ABEF  with  the  same  base  and  altitude,  and  is 
therefore  less  than  the  total  weight  of  liquid. 


Here,  however,  the  pressures  of  the  liquid  aciing  per- 
pendicularly to  the  sides  of  the  vessel  have  a  vertical 
component  which  produces  a  downward  thrust  on  these 
sides. 

Considering  separately  the  equilibrium  of  the  liquid 
outside  and  inside  the  cylinder  ABEF,  and  observing  that 
the  pressures  of  these  portions  on  each  oth*  r  have  no 
vertical  component,  we  have 

vertical  thnist  on  sidca  AD,  BO  =  weight  of  liquid  outside  ABEF; 
,,  ,,        base  AB         =         „  ,,      iitsidc   ABEF. 

Adding  these  together,  we  find,  as  we  might  expect, 
that 

vertical  thnist  on  nholc  vessel  DABC  =  weight  of  ir/iolc  of  liquid. 
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Case  III. — If  the  sides  slant  inwards  from 
the  base  (Fig,  35),  the  vessel  contains  less 
liquid  than  a  cylinder  ABEF  on  the  same 
base ;  hence  the  thrust  on  its  base  is  greater 
than  the  weight  of  the  contained  liquid. 

Here,  however,  the  pressures  on  the  sides 
AD,  BG  have  an  upward  component,  and 
therefore  the  liquid  tends  to  lift  the  sides. 

Suppose  liquid  poured  into  the  cylinder 
ABEF  to  the  same  height  outside  ABGD  as 
inside.     The  pressures  on  the  inside  and  outside  of  the 
faces  AD,  BG  will  now  balance  each  other.     Hence 
upward  thrust  on  sides  AD,  BC  =  weight  of  Hquid  outside        ABCD. 

But 
downward  ,,     ,,    base  AB  =         ,,  ,,      in  cylinder  ABEF. 

Subtracting  these,  we  find,  as  we  might  expect,  that 
resultant  thrust  on  whole  vessel  DABG  =  weight  of  contained  liquid. 


105.  The  Hydraulic  Lift. 

— In  this,  as  in  the  Hydrostatic 
Press,  very  large  weights  are 
raised  by  the  pressure  of  water 
on  the  under  surface  of  a  large 
piston  ;  but  this  pressure  is 
produced  by  the  weight  of  a 
column  of  water  instead  of 
by  a  force  applied  to  a  small 
plunger. 

Thus,  if  GE  is  a  vertical 
column  of  water  connected 
with  a  cylinder  which  con- 
tains the  piston  AB,  and  if  the 
surface  AB  produced  meets 
the  column  GE  in  D,  the  pres- 
sure per  square  inch  at  the 
level  ABD  is  equal  to  the  weight 
of  a  column  of  height  GD  and 
sectional  area  1  sq.  in.    Hence 


Fig.  36. 
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the  thrust  on  AB  is  eqnal  to  the  weight  of  a  cylinder  of 
WMter  of  height  CD,  whose  base  is  the  area  AB. 

And,  by  making  the  piston  AB  very  large,  this  upward 
force  can  be  made  as  large  as  we  like  without  altering  the 
weight  of  fluid  in  OD  which  produces  it. 

Thus  any  quantity  of  fluid,  hoivever  small,  may  he  made 
to  lift  any  weight,  hoivever  large. 

When  the  lift  is  raised,  water  flows  into  the  cylinder 
AB,  and  the  tube  is  kept  filled  from  a  high  reservoir. 
To  lower  the  lift,  the  cylinder  is  disconnected  from  the 
tube  GE,  and  the  water  allowed  to  escape  by  the  tap  X, 
the  piston  descending  by  its  own  weight. 

*106.  Effect  of  variations  in  tlie  direction  of  gravity. — 

The  proof  that  the  surface  of  a  liquid  is  a  horizontal  plane  is  only 
true  when  the  body  of  fluid  considered  is  so  small  that  the  "verticals  " 
or  directions  of  gravity  are  parallel  at  all  points  of  the  fluid.  But  in 
a  large  body  of  water,  such  as  a  lake  or  ocean,  the  verticals  at  different 
points  cannot  be  regarded  as  parallel,  since  they  meet  in  the  centre 
of  the  Earth,  and  the  proofs  of  §§  97,  98  no  longer  hold.  Here  the 
surface  of  the  water  is  not  plane,  but  convex. 

The  surface  of  water  in  the  neighbourhood  of  any  point  is  still 
horizontal,  if  by  "horizontal"  we  mean  everywhere  perpendicular 
to  the  vertical  or  direction  of  gravity.  Combining  this  with  the  fact 
that  the  verticals  at  different  places  meet  approximately  at  the  centre 
of  the  Earth,  it  is  possible  to  show  that  the  surface  of  the  ocean  is 
approximately  spherical,  its  centre  being  at  the  centre  of  the  Earth  ; 
as  is  easily  verified  by  observation. 

*107.  The  intensity  of  gfravity  g  is  known  to  vary  slightly  in  different 
latitudes,  and  this  protluces  slight  local  variations  in  the  pressure  due  to  the 
weight  of  a  column  of  liquid  of  given  depth  and  density.  Employing  the 
fcjrmula  p  =  wh  for  the  increase  of  pressure  in  depth  h,  we  notice  that  w  is 
proportional  to  g  ;  hence  the  pressure  p  is  proportional  to  g.  If  xv  and  p  be 
measured  in  dynamical  units  of  force,  and  if  d  be  the  density,  then,  since  the 
weight  of  a  unit  volume  in  dynamical  units  is  g  times  its  mass 
.-.  w-dg; 
.'.    p  =  dgh  dynamical  units  of  pressure. 

If  the  experiments  of  §§  96, 103  were  repeated  in  different  latitudes— say  at  the 
equator  and  near  the  pole— no  difference  would  be  observed,  because  in  tliese 
experiments  the  pressure  is  made  to  balance  the  weights  of  masses  (i.e.,  the 
set  of  weights  employed),  and  these  also  undergo  the  same  proportional 
variations  according  to  the  value  of  "  g." 

Thus  we  could  prove  by  experiment  that  the  pressure  due  to  a  given  depth 
of  given  liquid  is  proportional  to  g. 

Experiment  also  shows  that  the  intensity  of  gravity  decreases  if  we  go  from 
the  surface  towards  the  centre  of  the  Earth.  Hence  in  the  case  of  a  very  deep 
ocean,  the  pressure  is  no  longer  strictly  proportional  to  the  depth. 
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*108.  Effect  of  compressibility  of  liquid. — Another  reason 
why  the  pressure  at  great  depths  is  not  strictly  proportional  to  the 
depths  is  that  all  liquids  are  slightly  compressible.  The  lower  por- 
tions are  squeezed  down  by  the  pressirre  due  to  the  weight  of  the 
liquid  above,  and  occupy  slightly  less  bulk  than  they  would  do  if  the 
pressure  were  removed.  Hence,  in  a  colvmin  of  liquid,  the  density 
increases  slightly  with  the  depth.  For  this  reason,  also,  the  weight 
of  the  column,  and  therefore  the  pressure  at  great  depths  increases 
a  little  more  rapidly  than  it  would  if  the  liqxiid  were  absolutely 
incompressible. 

*109.  Eifect  of  variations  of  temperature. — If  a  liquid  be 
heated,  it  expands  and  occupies  a  greater  voliune  than  before.  Hence 
its  density,  and  therefore  the  weight  of  a  unit  volume,  decreases. 
Therefore  the  pressure  at  a  given  depth  also  decreases  with  a  rise  of 
temperature.  But,  if  the  liquid  is  contained  in  a  cylindrical  vessel 
and  is  heated,  it  will  rise  to  a  gi'eater  height  in  the  vessel,  and  this 
will  make  up  for  the  diminution  of  density,  so  that  the  force  on  the 
base  will  stiJl  bo  equal  to  the  weight  of  the  liquid. 


Summary. 

1.  The  pressure  in  a  liqidd  arising  from  its  iveight 
(i.)  Is  the  same  at  all  points  on  the  same  level ; 

(ii.)  Is  proportional  to  the  depth  and  the  density  of  the  liquid  ; 
(iii.)  Is  measured  by  the  weight  of  a  column  of  unit  sectional  area 
extending  to  the  surface. 

2.  The  pressure  at  depth  h  =  wh 

=  1000  hs  ox.  per  square  foot  if  h  is  measured  infect 
=  hs  gm.  per  square  centimetre  if  h  is  measured  in  centimetres  ; 
where  w  =  weight  of  unit  volume  of  liquid. 

.s  =  specific  gravity  referi-ed  to  water. 

3.  If  the  surface  is  at  pressure  p,  the  above  prossiires  must  all 
be  increased  by  p. 

EXAMPLES  X. 

1.  Find  in  pounds  per  square  inch  the  pressure  in  water  at  a 
depth  of  32  ft. 

2.  Show  that  the  pressure  is  the  same  at  equal  depths  in  a  body 
of  liqtiid,  and  find  the  increase  of  pressure  in  pounds  per  square  inch 
for  every  foot -depth  of  water. 
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3.  Find  the  difference  between  the  pressures  at  the  top  and  bottom 
of      (i.)  a  column  of  water  30  ft.  high  ; 

(ii.)  a  coliunn  of  air  a  mile  high  (specific  gravity  =  -001)  ; 
(iii.)  a  column  of  sea-water  a  kilometre  deep  ; 
(iv.)  a  column  of  mercury  760  mm.  high. 

4.  How  would  you  show  experimentally  that  the  difference  in 
pressure  at  two  points  in  a  heavy  liquid  is  proportional  to  the  differ- 
ence in  depth  of  the  points  ?  Does  the  pressTire  at  any  point  depend 
on  anything  besides  the  depth  of  the  point  ? 

5.  A  vessel,  whose  shape  is  that  of  a  pyramid  4  ft.  high,  has  a 
base  5  sq.  ft.  in  area.  Find  the  pressure  and  the  force  on  the  base 
when  the  vessel  is  filled  with  water. 

6.  Three  rectangular  cisterns  are  filled  with  water.  One  of  them  is 
in  the  form  of  a  cube  whose  edge  is  7  ft.  ;  another  is  4  ft.  high,  4  ft. 
wide,  and  13  ft.  long;  and  the  third  is  3  ft.  high,  3  ft.  wide,  and 
15  ft.  long.  Show  that  the  thrust  on  the  base  of  the  second  is 
5  tons  1800  lbs.,  the  weight  of  a  cubic  foot  of  water  being  1000  oz., 
and  that  this  thnist  is  equal  to  the  difference  between  the  thrusts  on 
the  bases  of  the  other  two,  the  atmospheric  pressure  not  being  taken 
into  consideration. 

7.  A  spherical  boiler  4  ft.  in  height  is  half  full  of  water  and  half 
full  of  steaiji.  What  is  the  difference  between  the  pressui*e  at  the 
top  and  bottom  of  the  boiler  ? 

8.  Find  the  height  of  a  column  standing  in  water  30  ft.  deep,  when 
the  pressure  at  the  bottom  is  to  the  pressure  at  the  top  as  4  to  3. 

9.  A  long  glass  tube  of  1  in.  diameter  has  a  disc  weighing  2  oz. 
placed  at  one  end.  How  far  under  water  must  the  end  of  the  tube, 
with  the  disc  below  it,  be  immersed,  in  order  that  the  disc  may  not 
fall  off. 

10.  Determine  the  greatest  depth  in  fathoms  at  which  a  submarine 
diver  can  work  in  sea-water,  supposing  he  can  bear  a  pressure  of 
5  atmospheres,  taking  an  atmosphere  to  be  a  pressiu'c  of  15  lbs.  per 
square  inch. 

11.  A  hole  G  ins.  square  is  made  in  a  ship's  bottom  20  ft.  below 
the  water-line.  What  force  must  be  exerted  in  order  to  keep  the 
water  out,  by  holding  a  piece  of  wood  against  the  hole,  if  a  cubic  foot 
of  water  weighs  64  lbs.  ? 
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12.  A  and  B  are  vessels  full  of  water  with  circular  and  horizontal 
bases  12  ins.  and  8  ins.  in  diameter,  respectively.  A  is  8  ins.,  and  B 
is  9  ins.,  high.     Compare  the  pressure  on  the  bases. 

13.  Two  rectangular  cisterns  standing  on  a  horizontal  plane  are 
joined  at  their  bases  by  a  leathern  pipe  resting  on  the  plane.  If  one 
of  them  be  5  ft.  long  and  3  ft.  broad  and  the  other  4  ft'.  6  ins.  long 
and  3  ft.  4  in.  broad,  and  water  be  poured  into  either,  then,  when 
water  is  at  rest,  the  thrusts  on  the  bases  will  be  equal. 

14.  Prove  that  the  surface  of  a  heavy  fluid  at  rest  under  the  action 
of  gravity  is  a  horizontal  plane.  Why  is  this  not  ti-ue  of  very  large 
surfaces  of  water  ? 

15.  Find  the  pressure  at  a  given  depth  (:;)  in  a  liquid  whose  specific 
gravity  is  s,  and  whose  surface  is  subject  to  a  given  pressure  P. 

16.  Taking  1000  oz.  as  the  weight  of  a  cubical  foot  of  water,  and 
15  lbs.  weight  on  a  square  inch  as  the  atmospheric  pressm-e,  find,  in 
hundredweights,  the  thrust  on  a  horizontal  area  of  7  sq.  ft.  in  water 
at  the  depth  of  32  ft. 

17.  Find  the  pressure  at  a  depth  of  96  ft.  below  the  surface  of  the 
sea,  the  pressure  of  the  atmosphere  at  the  surface  being  14  lbs.  per 
square  inch,  the  weight  of  a  cubic  foot  of  ordinary  water  1000  oz., 
and  the  specific  gravity  of  sea -water  1-025. 

18.  If  a  cubic  foot  of  sea-water  weighs  1025  oz.,  what  will  be  the 
pressure  on  the  square  inch  at  the  depth  of  \  mile  ?  (The  pressure  of 
the  atmosphere  at  the  surface  is  to  be  taken  into  account.) 

19.  Show  that  the  effect  of  an  external  pressure  of  13f  lbs.  per 
square  inch  may  be  allowed  for  when  the  liquid  is  water,  by  supposing 
a  layer  of  water,  32  ft.  thick,  to  be  superposed  on  the  original  liquid. 

20.  TlMgjressure  at  the  bottom  of  a  well  is  four  times  that  at  a 
depth  of^^b.  ;  what  is  the  depth  of  the  well  if  the  pressui'e  of  the 
atmosphere  is  equivalent  to  30  ft.  of  water  ? 

21.  If  the  pressure  at  a  point  5  ft.  below  the  surface  of  a  lake  bo 
one-half  of  the  pressure  44  ft.  below  the  surface,  account  being  taken 
of  the  atmospheric  pressui'e,  find  the  atmospheric  pressure  in  pounds 
on  the  square  inch,  assuming  a  cubic  foot  of  water  to  weigh  1000  oz. 

22.  The  pressure  at  a  point  3  ft.  below  the  surface  of  a  heavy  fluid 
is  30  lbs.  per  square  inch,  and'^a  depth  of  7  ft.  it  is  50  lbs.  What 
is  the  pressure  at  the  surface  ? 
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PRESSURE    DUE    TO    THE    WEIGHT    OP 
SEVERAL   DIFFERENT   LIQUIDS. 


110.  We  shall  now  consider  the  pressures  arising  from 
the  weight  of  several  liquids  of  different  densities  which 
do  not  mix,  but  rest  on  one  another. 

The  proofs  of  §§  91,  98  show  that  in  any  continuous 
portion  of  the  same  liquid  the  pressure  is  always  the  same 
at  all  points  in  the  same  horizontal  plane,  whether  this 
pressure  is  due  to  the  weight  of  the  liquid  itself  or  to  the 
weight  of  superincumbent  liquids. 

[Note.— By  a  conlimious  portion,  we  imply  that  any  two  points  can  be  connected 
by  a  zigzag  of  alternately  horizontal  and  vertical  lines,  as  in  §  98,  without  passing 
out  of  the  liquid.] 

Example. — A  vessel  10  cm.  deep  contains  mercury  to  the  depth  of 
1  cm.,  and  is  filled  up  with  water.  To  find  the  pressure  at  the 
bottom  of  the  vessel,  the  atmospheric  pressure  being  'U33..^gm.  per 
square  centimetre. 

Construct  a  rectangular  column  whose  base  is 
1  cm.  square,  extending  from  the  bottom  to  the 
top  of  the  liquid,  and  consider  the  equilibrimn 
of  the  liquid  in  this  coliunn. 

The  coliman  may  he  divided  into  ten  cubes, 
each  1  cub.  cm. :  nine  filled  with  water,  and  one 
with  mercury. 
But 

weight  of  9  cub.  cm.  of  water       =  9  gm. , 
weight  of  1  cub.  cm.  of  mercury  ==  13'6  gm., 
and  thrust  on  upper  end  =.j^33_gm.  ; 

thrust  on  base  =  1055-6  gm., 
and  pressure  at  bottom  of  liquid 

=  1055 -6  gm.  per  square  centimetre. 


iM^;■. 
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111.  To  find  the  pressure  at  any  point  due  to  the 
weight  of  several  liquids  which  rest  one  on  another 
without  mixing. 

Let  5„  s^,  %  be  the  specific  gravities  of 
any  different  liquids  that  do  not  mix, 
IV  being  the  weight  of  unit  volume  of 
water. 

Let  P  be  the  atmospheric  pressure  at 
the  surface' ^a,  p  the  required  pressure 
at  any  given  point  R. 

Draw  RQPO  vertical,  and  construct  a 
rectangular  column  on  a  unit  of  area  as 
base,  extending  from  R  to  the  surface 
Aa.  From  the  equilibrium  of  this 
column,  we  find — 

Pressure  at  R  =^  pressure  at  0  -\-  sum  of  lueigJits  of  vertical 
columns  of  the  several  liquids  having  the  unit  of  area  for 
their  base,  and  extending  from  R  to  0. 

Now  the  weights  of  the  columns  are  us^  .  OP,  tvs.y .  PQ, 
ws^ .  QRj  respectively. 

.-.    p  =  P-^w(s,.OP+s,.PQ  +  s,.QR}. 


Fig.  38. 


112.  To  prove  that,  when  several  liquids  of 
different  densities  do  not  mix,  the  common  surface 
of  any  two  of  the  liquids  is  horizontal. 

Consider  two  liquids  of  specific 
gravities  Sj,  s^. 

Let  M,  Q  be  any  two  points  in 
their  common  surface. 

Draw  the  verticals  LMN,  PQR 
through  M,  Q,  and  on  them  take 
points  L,  P  in  the  upper  and  N,  R 
in  the  lower  liquid,  such  that  the 
lines  LP  and  NR  are  horizontal.  Then  the  pressures  at 
/.,  P  are  equal,  and  the  pressures  at  /!/,  ^  are  equal ;  there- 
fore pressure  due  to  columns  LM,  MN  =  pressure  due  to 
columns  PQ,  QR. 


Fig.  39. 
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Therefore,  as  in  the  last  paragraph, 

w  (s,PQ+s,QR)  =  w  {s,LM-\-s^MN) ; 
that  is, 

.-.    s,(PR-QR)-\-s,QR  =  s,{LN-MN)-¥s,MN. 
Also  s^PR  =  s^LN. 

Hence,  by  subtraction, 

s^QR-s.QR  =  s^MN-s,MN ; 
i.e.,  (53  — 5i)  QR  =  (52—^*1)  MN, 

But  §2 — 5i  is  not  zero; 

.'.    QR  =  MN. 

Hence  QM  is  parallel  to  RN,  and  therefore  horizontal. 

Observations.  —  When  the  liquids  are  contained  in  two  or  more 
interconHnuuicating-  vessels,  such  as  the  U-tube  about  to  be  described, 
we  shall  see  that  the  common  surfaces  of  separate  portions  (cf.  §  110, 
note)  are  not  necessarily  all  at  the  same  level. 

When  several  Uquids  are  poiu-ed  into  a  vessel  they  will  always 
arrange  themselves  in  order  of  their  densities,  the  heaviest  liquid  being 
the  loivest.  If  the  density  of  any  liquid  were  greater  than  that  of  the 
one  next  below,  the  two  might  for  an  instant  remain  in  equilibrium 
with  their  common  surface  horizontal,  but  the  least  disturbance  would 
turn  them  topsy-tiu-vy.  The  equilibrium  would,  in  fact,  be 
'■'■  unstable.^  ^ 


113.  The  U-tube  is,  as  its  name  implies, 
simply  a  glass  tube  bent  into  the  shape  of 
an  elongated  U»  one  of  its  uses  being  to 
compare  the  specific  gravities  of  liquids 
"which  do  not  mix.  For  this  purpose,  the 
heavier  of  two  given  liquids  should  first 
be  poured  into  the  bend  of  the  tube,  and 
the  lighter  then  poured  down  one  of  the 
branches. 

The  heights  of  the  free  surfaces  P,  R 
above  the  surface  of  separation  Q  can  be 
measured  by  a  scale  of  inches  or  milli- 
metres placed  behind  the  two  tubes,  and 
by  comparing  these  heights  the  densities 
or  specific  gravities  of  the  liquids  may  be  compared. 
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Example. — A  U-tube  was  partly  filled  with  water,  and  oil  was 
poured  into  one  of  the  branches  to  a  depth  of  6  ins.  The  siu-face  of 
the  water  in  the  other  branch  stood  5-49  ins.  above  the  conuuon 
surface  of  the  oil  and  water.     To  find  the  specific  gravity  of  the  oil. 

Let  PCQ  be  the  water,  QR  the  column  of  oil 
(Fig.  40',  and  let  0  be  the  point  on  the  branch 
PO  at  the  same  level  as  Q. 

Since  the  portion  QCO  is  all  filled  with  the  same 
liquid  (water), 

.'.     pressure  at  ^  =  pressure  at  0 (i.). 

Let  W  be  the  weight  of  a  cubic  inch  of  water, 
w  that  of  a  cubic  inch  of  oil.     Then,  since 

P0  =  5-49  ins.     and    /?^  =  6  ins., 
pressure  at  0  (per  sq.  in.)  =  W  y.  PO  =  Wx  5*49, 
pressure  at  ^  =   w  x  RQ  =   w  x  6  ; 

therefore,  by  ^i.),  JF x  5-49  =    ic  x  6, 

5;49 
6 


and  specific  gravity  of  oil  =  — 


•915. 


114.  When  the  two  branches  of  a  U-tube  contain 
two  different  liquids  which  do  not  mix,  their  specific 
gravities  are  inversely  as  the  heights  of  their  free 
surfaces  above  their  surface  of  separation. 

For,  let  5i,  fi^  be  the  specific  gravities  of  the  liquids  iti 
the  portions  PCQ^  QR  (Fig.  40),  w  the  weight  Df  a  unit 
volume  of  water. 

Let  the  horizontal  throuo^h  Q  meet  the  branch  AC  \n  0. 
Then  we  Lave  for  the  eqailibrium  of  the  liquid  QCO 

pressure  at  0  =  pressure  at  Q. 

.-.     ws^xPO  =  ivs^xRQj 

whence  ii  =  ^^  ; 

specific  gravity  of  liquid  in  PQ  _  height  ot  R  alcove  Q 
s-pccitic  gravity  of  liquid  in  RQ       he  ight  of  P  above  Q 
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Example. — If  the  U-tube  contains  mercury  of  specific  gravity  13-6 
to  with^  5  ins.  of  the  top,  to  find  the  height  of  the  column  of  water 
which  must  be  poured  in  to  fill  one  of  the  branches. 

Let  p,  q  he  the  original  surfaces  of  the  mercury. 
As  soon  as  water  is  poured  into  the  branch  BC,  the 
surface  of  the  mercury  will  sink  in  that  branch 
from  q  (say)  to  Q,  and  will  rise  in  the  other 
branch  from  p  to  P.  "We  suppose  the  branches  of 
the  tube  to  be  of  equal  diameter  ;  we  shall  then 
have  pP  =  qQ. 

Let  qQ  =  x. 

Since  Bq  =  5  ins. ,  we  have 

height  of  column  of  water  BQ  =  5  +  x, 
height  of  mercury  at  P  above  common  surface  at  Q 
=  Pp-\-qQ  =  2x. 

Hence,  since  the  pressures  at  the  level  of  Q  are 
equal  in  the  two  branches, 

.-.     1  X  (5  +  .2;)  =  13-5x2^;  =  27a;; 
.-.     5  =  26x;     .-.     x=.^; 
and  height  of  water  column  BQ  =  5  +  z  =  5^  ins. 


Fig.  41, 


SmOIABY, 

1.  The  common  surface  of  two  continuous  portions  of  different 
liquids  is  horizontal. 

2.  The  pressure  at  a  given  depth  in  one  of  the  lower  liquids  =  siun 
of  pressures  due  to  separate  liquids. 

3.  If  the   U-tube   contains  two    liquids,  heights   above   common 
surface  are  inversely  proportional  to  densities. 


EXAMPLES   XI. 

1.  Prove  that  the  common  surface  of  two  liquids  of  different 
density  which  do  not  mix  is  a  horizontal  plane.  Does  the  argument 
apply  to  the  parts  of  the  common  surface  in  the  two  branches  of  a 
U-tube  containing  water,  when  different  quantities  of  oil  are  poiired 
down  the  two  arms  ? 

2.  A  vessel  whose  bottom  is.  horizontal  contains  mercury  whose 
depth  is  20  ins.,  and  water  floats  on  the  mercury  to  the  depth  of 
16  ins.  Find  the  pressure  at  a  point  on  the  bottom  of  the  vessel 
in  lbs.  per  square  inch,  specific  gravity  of  mercury  being  13*6. 

3.  A  vessel  whose  base  is  a  square,  the  side  of  which  measures 
HYDRO.  I 
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6  ins.,  contains  mercury  to  the  depth  of  1  in.,  and  water  is  poured 
upon  the  mercury  to  the  depth  of  lOJ  ins.  If  the  specific  gravity  of 
the  mercury  be  13-5  times  that  of  water,  find  the  pressure  on  the  base 
of  the  vessel. 

4.  Find  the  whole  thrust  on  a  square,  the  length  of  a  side  of  which 
is  4  ins. ,  immersed  horizontally  in  oil  at  a  depth  of  5  ins. ,  the  specific 
gravity  of  oil  being  '87. 

6.  A  circular  cylinder,  whose  radius  is  14  cm.  and  height  40  cm., 
is  filled  half  with  water  and  half  with  oil  of  specific  gravity  -9.  Find 
the  thrust  on  the  base.     (Take  ir  =  ^f-.) 

6.  The  two  branches  of  a  uniform  bent  tube  are  straight  and 
vertical,  and  the  portion  of  the  tube  which  unites  them  is  horizontal. 
"Water  is  poured  in  sufficient  to  fill  6  ins.  of  the  tube,  and  then  oil, 
sufficient  to  occupy  5  ins.,  is  poured  in  at  one  end,  the  specific  gravity 
of  the  oil  being  four-fifths  that  of  water.  Find  the  position  of  the 
fluids  when  they  are  in  equilibrium,  the  horizontal  part  of  the  tube 
being  2  ins.  long. 

7.  Two  liquids  which  do  not  mix  are  contained  in  a  U-tube. 
Obtain  a  relation  between  their  densities  and  their  heights  above 
the  common  surface. 

8.  Water  is  poured  into  a  U-tube,  the  legs  of  which  are  8  ins.  long, 
imtil  they  are  half  full.  As  much  oil  as  possible  is  then  poured  into 
one  of  the  legs.  "What  length  of  the  tube  does  it  occupy,  the  weight 
of  the  oil  being  two -thirds  that  of  water  ? 

9.  The  lower  ends  of  two  vertical  tubes,  whose  cross  sections  are 
1  and  -1  sq.  ins.  respectively,  are  connected  by  a  tube.  The  tubes 
contain  mercury.  How  much  water  must  be  poured  in  to  raise  the 
level  of  the  mercury  in  the  smaller  tabe  1  in.  ? 

10.  A  bent  tube  containing  equal  quantities  of  two  liquids  which 
do  not  mix  consists  of  two  branches  inclined  at  angle  60°.  When  one 
of  the  branches  is  held  vertically ,  the  different  fluids  meet  at  the  angle 
of  the  tube.  Show  that  when  the  tube  is  held  -^vith  the  two  branches 
equally  inclined  to  the  vertical,  one-fourth  of  the  liquid  contained  in 
the  branch  which  was  previously  inclined  to  the  vertical  flows  into  the 
one  which  was  vertical. 


CHAPTER      XII 


RESULTANT   THRUSTS  OF  HEAVY   LIQUIDS 
ON   PLANE   AND   OTHER   SURFACES. 

115.  Def. — "When  one  side  of  any  surface  is  exposed 
to  pressure,  the  force  which  that  surface  experiences 
owing  to  the  pressure  is  called  the  resultant  thrust 
or  pressure-resultant  on  the  surface.* 

Its  vertical  and  horizontal  components  are  the  vertical 
and  horizontal  thrusts    on  the  area  respectively.  , 

[Note  that  a  resultant  thrust  is  a  particular  force, 
while  a  pressure  is  a  force  per  nuit  area.] 

In  the  present  chapter,  we  shall  show  how  to  find — 

^^^  The  resultant  thrust  of  a  heavy  liquid  on  a  hori- 
zomalplane  area. 

(ii.)  The  vertical  thrust  on  any  surface. 

(iii.)  The  resultant  thrust  on  a  plane  area  inclined  to 
the  horizon  or  vertical. 

116.  To  find  the  resultant  thrust  on  a  horizontal 
plane  area. — When  a  horizontal  surface  is  exposed  to  the 
pressure  of  a  heavy  liquid,  this  pressure  is  uniform  over 
the  whole  surface,  and  its  amount  may  be  found  as  in 
Chap.  X.  Multiplying  this  pressure  by  the  area  of  the 
surface,  we  have  the  required  resultant  thrust  on  the 
area. 


*  When  this  book  was  first  in  manuscript,  it  was  our  intention  to  use  the  term 
"pressure-resultant";  but  quite  recently  the  term  "thrust"  has  come  into  very 
fccneral  use  in  Hydrostatics,  and  accordingly  we  have  gladly  adopted  it.  The 
student  should,  however,  take  care  to  be  able  to  identify  any  of  the  other  terms 
used  in  this  sense,  such  as  resultant  pressure,  which  is  still  commonly  foimd  in 
books  and  examination  papers,  although  it  would  be  more  coiTcct  to  speak  of 
res^iltant  force  of  pressure. 
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117.  To  find  the  vertical  thrust  on  any  surface.— 

When  any  surface  S  is  exposed  to  the  pressure  of  a  heavy- 
liquid,  the  vertical  thrust  may  be  found  by  drawing  ver- 
ticals, such  as  AB,  CD,  from  the  boundary  of  S  to  the  surface 
of  the  liquid.  These  verticals,  together  with  the  surface 
itself,  will  enclose  a  column  of  liquid  ABDG,  whose  weight 
is  equal  to  the  required  vertical  thrust  on  the  surface. 

Case  I. — Suppose  that  the  liquid  presses  on  the  upper 
side  of  the  surface  S  (Fig.  42). 


wm 
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Yig.  42. 


Fig.  44. 


Consider  the  equilibrium  of  the  liquid  in  this  column. 
The  pressures  acting  perpendicularly  on  its  vertical  sides 
are  horizontal.  Hence  they  have  no  vertical  component. 
If  there  is  no  pressure  at  the  upper  surface  BD,  wo 
therefore  have 
vertical  thrust  on  S  =  weight  of  liquid  in  column  ABDG. 

Case  II.  —  If  the  sides  of  the  vessel  should  anywhere 
fall  within  the  cylinder  ABDC  (as  in  Fig.  43),  it  is  only 
necessary  to  suppose  the  vessel  replaced  hj  a  larger  one, 
whose  sides  do  not  fall  within  the  cylinder,  the  liquid 
rising  to  the  same  level  as  before.  The  pressure  at  every 
point  of  S  will  be  unaltered,  and  therefore  the  vertical 
thrust  on  S  will  still  be  equal  to  the  weight  of  liquid 
required  to  fill  ABDG. 

Case  III. — Let  the  liquid  press  on  the  lower  side  of  the 
surface  «S  (Fig.  44).  Let  the  vertical  column  ABDC  be 
constructed  as  before,  extending  from  the  surface  S  to  the 
plane  of  the  free  surface.      If  this  column  be  supposed 
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filled  with  liquid,  the  pressures  on  the  upper  aud  under 
sides  of  S  will  now  be  everywhere  equal,  and  therefore 
the  thrusts  on  the  two  sides  of  S  will  be  also  equal  and 
opposite.  Hence  the  liquid  exerts  an  upward  vertical 
thrust  on  the  under  side  of  the  surface  S  equal  to  the 
weight  of  the  liquid  required  to  fill  the  column  ABDG. 

These  results  are  expressed  by  the  statement  that 
the  vertical  thrust  on  a  surface  is  alivays  equal  to  the 
weight  of  the  superincumbent  column  of  liquid. 

Examples. — (1)  To  find  the  resultant  thrust  on  the  concave  surface 
of  a  hemispherical  bowl  1  ft.  in  diameter,  immersed  in  water,  with 
its  base  horizontal,  at  a  depth  of  2  ft.  below  the  surface. 

Construct  a  vertical  cyhnder  having  the  rim  of  the  bowl  for  its 
base.  The  weight  of  superincumbent  water  contained  between  the 
cyhnder  and  bowl  is  equal  to  the  resultant  thrust  on  the  surface 
of  the  bowl. 

Now,  the  radius  of  the  cylinder  =  ^  f t. ,  and  height  =  2  ft.  ; 
.-.     area  of  its  base  =  ^-  x  {\Y  =  "H  ^^-  f*-  5 
.-.     volimie  of  cyhnder  =  ^i  x  2  cub.  ft.  =  ^  cub.  ft.  ; 
and         .'.     weight  of  water  in  cyhnder  =  ^  x  1000  oz. 
Again,  volimie  of  hemisphere  =  fwr^  =  | .  -^  x  {\Y  cub.  ft. 

.•.     weight  of  water  in  hemisphere  =  i|^  x  1000  oz. 
If  the  hemisphere  is  turned  base  upwards^  the  resultant  thrust 
=  whole  weight  of  water  supported  =  J-i^flfi  +  ^^^-^  oz. 
=  jzj^oo  02.  =  1833^  oz. 
If  the  hemisphere  is  lase  doivnwards,  the  resultant  thrust 

=  A5_aoo  oz.  =  1309^1  oz. 

(2)  A  cone,  whose  height  is  3  cm.  and  the  area  of  whose  base  is 
10  sq.  cm.,  is  filled  with  water  and  placed  vertex  upwards  on  a  table. 
To  find  the  thrust  on  its  base  and  sides. 

Pressure  at  depth  3  cm  =  3  gm.  per  sq.  cm.  ; 

.'.     thrust  on  base  =  30  gm. 
Also  vol.  of  cone  =  -J  base  x  height  =  ^.10.3  =  10  cub.  cm.  ; 

.'.     weight  of  Avater  in  cone  =10  gm. 
From  the  equilibriiun  of  the  Uquid  in  the  cone,  we  therefore  have 
vertical  thrust  on  sides  of  cone  =  30  gm.  — 10  gm.  =  20  gm., 
and  this  thrust  acts  upwards,  tending  to  lift  the  sides. 
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118.  To  find  the  resultant  thrust  on  any  plane 
area,  it  is  sufficient  to  find  the  average  pressure  on  the 
area.  Since  the  area  is  plane,  the  product  of  this  average 
pressure  into  the  area  is  equal  to  the  required  resultant 
thrust  on  the  area. 

The  following  example  will  be  an  instructive  introduction  to  the 
method  to  be  followed  in  the  next  article. 

Example. — To  show  that  in  the  case  of  a  rectangle  ABCD  in  a 
vertical  plane  immersed  to  any  depth  the  average  preasure  is  equal  to 
the  pressure  at  the  centre  of  gravity  of  the  area. 

Divide  the  rectangle  into  a  large  number  of  verj  thin  strips  of 
equal  breadth,  by  ruling  a  number  of  equidistant  horizontal  lines 
across  its  face.  Let  EF  be  the  vertical  line  bisecting  the  rectangle, 
and  therefore  passing  through  its  centre  of  gravity  G.  Consider  any 
pair  of   strips    PQ,    RS   of   equal 

area  a,  whose  centres  H,  K  are  at       " 

equal  distances  above  and  below  G. 
If  0  be  in  the  surface  of  the  liquid, 
we  have 

pressure  a,t  H  =  ux  OH, 
pressTU-e  a,t  G  =  iv  x  OG, 
pressure  at  K  =  w  x  OK ; 
.*.     thnist  on  strip  PQ 

=  wx  OH  X  area  a, 
thrust  on  strip  RS 

=  w  X  OK  X  area  a. 
Now       HG  =  GK; 

.-.     OH  +  OK=  {OG-HG)  +  {OG  +  GK) 
hence,  siun  of  thi-usts  on  the  tAvo  strips 

=  tvx  {OH  +  OK)xa  =  wx  20G  x  a 
=  w  xOGx  sum  of  areas  of  strips ; 
and  this  is  the  same  as  if  the  pressure  on  either  strip  were  equal  to 
w  X  OG,  that  is,  equal  to  the  pressure  at  ^. 

In  the  same  way,  the  sum  of  the  thrusts  on  every  other  pair  of 
strips  is  the  same  as  if  th6  pressures  on  them  were  equal  to  that  at  G. 
Therefoi-e  the  tkrust  on  the  whole  rectangle  is  the  same  as  if  the 
pressiu-e  were  everywhere  equal  to  that  at  G. 

Hence,  the  average  pressure  on  the  rectangle  is  equal  to  the  pres- 
sure at  its  centre  of  gravity  G. 

The  following   generaliaaiiun  of  tlds  result  is  most  im- 
portant : — 
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119.  To  prove  that  the  average  pressure  on  any 
plane  area  immersed  in  a  heavy  liquid  is  equal  to 
the  pressure  at  its  centre  of  gravity. 

Divide  the  area  into  a  very  large  number  n  of  strips  by 
ruling  horizontal  lines  across  it  at  small  distances  apart. 
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Fig-.  46. 

Let  PQ  be  any  such  strip,  //  its  middle  point,  and  let 
the  vertical  through  //  meet  the  surface  in  0.  Let  the 
area  of  the  strip  =  a,  and  let  OH  =  z. 

The  pressure  at  //  =  ly  .  OH.  And  since  (by  construc- 
tion) the  difference  of  level  of  the  top  and  bottom  edge 
of  the  strip  is  very  small,  the  pressure  is  sensibly  the 
8an)e  all  over  the  strip. 

Hence,  thrust  on  strip  =  w  .  OH  X  area  PQ  =  wza. 

Thus,  if  2?!,  z^^  ...  z,^  are  the  depths  and  aj,  ag,  ...  a„  the 
areas  of  the  strips,  the  thrust  on  the  n^^^  strip  is  wX2r„a„. 

Now  the  thrusts  on  the  different  strips  are  parallel. 
.'.     resultant  thrust  on  whole  area  =  sum  of  thrusts  on 
strips  =  i(;  X  {z^ a^  -\- z.^ a.^ -f  . . .  +  z,, a,,) • 

Also  whole  area  ■=  a^  +  a.2  +  . . .  -f  «„ ; 

2,  a,  +  2;,  rTo  + . . .  +  r„  a„ 
.  .     average  pressure  =  ivx    '   ^      ^  ^  ' — ^^— ^. 

Now  it  is  proved  in  Statics  that  if  z  be  the  depth  of  the 
centre  of  gravity  of  the  areas  aj,  a,,  ...  o„, 
-_  z^a^+z,a.2+...  ^Zuttn 

Hence  average  pressure  on  area 

=  wxz  =  pressure  at  depth  z 
=  pressure  at  CO.  of  area. 
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COB.  1. — The  resultant  thrust  on  any  plane  area 
is  equal  to  the  product  of  the  area  into  the  pressure 
at  its  C.G. 

Cor.  2. — The  resultant  thrust  on  a  plane  area  depends 
only  on  the  area  and  the  depth  of  its  C.G.,  and  is  unaltered 
by  turning  the  area  about  its  c.G.,  provided  that  the  whole 
of  the  area  is  kept  below  the  surface. 

Observation. — In  the  above  proof,  the  area  need  not  he 
in  a  vertical  plane,  for  the  formula  giving  the  depth  of  its 
C.G.  in  terras  of  the  depths  of  the  separate  strips  holds 
good  whatever  be  the  position  or  form  of  the  area. 

Examples. —  (1)  To  find  the  resultant  thrust  on  a  vertical  dock-gate 
14  ft.  wide  if  one  side  is  exposed  to  the  pressure  of  sea- water  10  ft. 
eep. 

rhe  area  exposed  to  pressure  =  14  x  10  =  140  sq.  ft.  ; 

the  depth  of  its  c.G.  =  5  ft. 

Now  a  cubic  foot  of  sea -water  weighs  64  lbs., 

pressure  at  c.G.  of  area  =  5  x  64  =  320  lbs.  per  sq.  ft.  ; 

.-.     thiTist  on  dock-gate  =  320  x  140  lbs.  =  44,800  lbs.  =  20  tons. 

(2)  To  find  the  resultant  tlirust  of  water  on  the  slanting  face  of  an 
embankment  100  metres  long  and  30  metres  broad,  which  shelves 
down  to  a  dojith  of  12  metres  below  the  siu'face  at  the  lowest  part. 

The  area  exposed  to  pressure  =  100  x  30  =  3000  sq.  metres. 
The  depth  of  its  c.G.  =  ^  depth  of  lowest  portion 

=  6  metres  =  600  cm.  ; 
.*.     average  pressure  =  600  gm.  per  sq.  cm. 

=  600  X  100  X  100  gm.  per  sq.  metre 

=  6000  kilog.  per  sq.  metre.  ; 
.-.     resultant  thrust  =  6000  x  3000  kilog.  =  18,000,000  kilog. 

(3)  A  hemispherical  bowl  holding  4  lbs.  of  a  liquid  is  held  with  its 
rim  resting  against  a  vertical  wall.  To  find  the  resultant  thrusts  of 
the  water  (i.)  on  the  wall,  (ii.)  on  the  bowl. 

Let  r  be  the  radius  of  the  bowl,  iv  the  wt.  of  unit  vol.  of  the 
liquid.     Then  weight  of  liquid  in  bowl  =  f^trr'^w  —  4  lbs. 
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Since  the  area  of  the  base  is  irr^  and  the  depth  of  its  centre  of  gravity 
is  r,  and  the  base  is  plane,  the  thrust  on  the  wall  is  equal  to 

iirhv  XI'  =  iri^w  =  I  wt.  of  liquid  =  6  lbs. 

The  three  forces  acting  on  the  liquid  contained  in  the  hemisphere  are 

(i.)  The  reaction  of  the  bowl,  equal  and  opposite  to  the  required 
resultant  thrust. 

(ii.)  The  weight  of  the  liquid,  which  is  equal  to  4  lbs.  and  acts 
vertically  downwards. 

(ui.)  The  thrust  of  the  base  of  the  hemisphere,  acting  horizontally. 

Hence  the  conditions  of  equilibrium  require  that  the  horizontal  and 
vertical  components  of  the  resultant  thrust  on  the  bowl  shall  be 
6  lbs.  and  4  lbs.,  respectively.  These  components  are  at  right  angles; 
hence,  if  H  denote  the  required  resultant  thrust,  we  have 

i22  =  62  +  42  =  52; 
.*.     resultant  thrusts  =  a/52  lbs.  =  7*2  lbs.,  nearly. 

Note. — If  the  fluid  surface  is  at  pressure  l*  in  §  119,  we  may 
prove  that  average  pressure  =  J*"4-u>»  =  pressure  at  c.g.  as  before. 

*120.  Centre  of  Pressure.  —  Def. — The  centre  of 
pressure  of  a  plane  area  immersed  in  fluid  is  the  point  in 
which  the  line  of  action  of  the  resultant  thrust  of  the  fluid 
meets  the  area. 

It  does  not  coincide  with  the  centre  of  gravity  unless 
the  pressure  be  uniform.  Thus  the  centre  of  pressure  of  a 
rectangle  with  one  side  in  the  surface  is  at  a  depth  equal 
to  two-thirds  the  depth  of  the  lowest  side. 

*121.  Whole  pressure  on  a  curved  surface. — When  an  area 
is  not  plane — as,  for  example,  any  part  of  the  surface  of  a  sphere  or 
cylinder,  the  product  of  the  area  into  the  pressure  at  its  centi-e  of 
gravity  is  no  longer  equal  to  the  resultant  thrust,  but  is  equal  to  a 
quantity  called  the  "whole  pressiire." 

When  a  surface  consists  of  a  number  of  plane  areas  (such  as  the  six 
faces  of  a  cube),  the  ivholc prcsstire  is  defined  as  the  sum  of  the  thrusts 
acting  on  the  several  faces.  When  the  surface  is  curved,  it  must  be 
divided  into  a  large  niunber  of  small  portions,  each  portion  being  so 
small  as  to  be  approximately  plane.  The  siun  of  the  forces  acting  on 
all  the  small  areas  is  defined  as  the  whole  pressure  on  the  Biu*face. 

I  From  these  definitions  it  may  be  deduced  that  the  whole  pressure 
on  any  surface  is  equal  to  the  product  of  its  area  into  the  pressure  at 
its  centre  of  gravity.  ] 
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The  "  whole  pressure  "  on  a  plane  area  is  the  same  as  the  resultant 
thrust.  In  all  other  cases,  calculations  of  the  whole  pressure  on 
stu'faces  are  devoid  of  interest,  and  are  not  of  the  slightest  practical 
use.     They  are,  however,  sometimes  set  in  examinations. 

The  quantity  found  by  dividing  the  whole  pressm-e  by  the  area  of 
the  surface  is  called  the  averag'e  pressure  on  the  surface.  Hence 
the  average  pressm-e  on  any  surface  is  equal  to  the  pressure  at  the 
centre  of  gravity  of  that  sin^ace. 

The  average  pressure  is,  therefore,  not  equal  to  the  resultant  thrust 
divided  by  the  area,  except  when  the  surface  is  plane. 

Example. — (1)  A  hemispherical  bowl  whose  diameter  is  12  cm.  is 
full  of  oil  whose  specific  gravity  is  -92.  Find  the  whole  pressure  on 
the  bowl,  and  the  pressure-resultant. 

Area  of  surface  of  bowl  ==  ^  x  47r  x  6^  sq.  cm.  =  llir  sq.  cm. 

Depth  of  centre  of  gravity  of  bowl  =  half  the  radius  =  3  cm. 

.-.     whole  pressure  =  weight  of  3  x  12ir  cm.  of  oil 

=  2167rx  -92  gm.  =  624'6  gm.,  nearly. 

Pressure -resultant  =  weight  of  fluid  contained 

=  weight  of  ^  X  -|7r  X  6^  cm.  of  fluid 

^  Itt  X  216  X  -92  gm.  =  416-  36  gm.,  nearly. 


Summary. 

1.  The  vertical  thrust  of  a  liquid  on  any  area  is  equal  to  the  weight 
of  the  superincumbent  column  of  liquid  {\  117). 

2.  The  average  pressure  of  a  heavy  liquid  on  any  area  is  equal  to  the 
pressure  at  the  c.G.  of  the  area  (§  119). 

3.  Hence    resullant    thrust   on   any  plane    area  A  =  tcsA,    where 

w  =  weight  of  unit  volume  of  liquid. 
z  —  depth  of  c.G.  of  area  A  below  surface  of  liquid. 

4.  This  thrust  acts  perpendicular  to  plane  of  area  at  a  point  called 
its  centre  of  pressure,  which  is  usually  loiver  than  its  c.G. 

T).  If  the  area  is  not  plane,  m?2^  represents  the  "  whole  pressure," 
and  not  the  resultant  thrust. 


RESULTANT  THRUSTS   ON    SURFACES.  123 

EXAMPLES  XII. 

(Except  where  otherwise  stated,  a  cubic  foot  of  water  weighs 
1000  oz.) 

1.  A  cubical  box  whose  edge  measures  1  ft.  has  a  pipe  communi- 
cating with  it  which  rises  to  a  vertical  height  of  20  ft.  above  the  lid. 
It  is  filled  with  water  to  the  top  of  the  pipe.  Find  the  upward  force 
on  the  lid  and  the  downward  force  on  the  base,  and  show  that  their 
difference  is  equal  to  the  weight  of  water  in  the  box.  How  do  you 
account  for  the  pressure  on  the  base  being  greater  than  the  weight  of 
water  it  has  to  support? 

2.  A  tapering  glass  tube,  10  ins.  long,  1  in.  in  diameter  at  one  end 
and  ^  in.  at  the  other,  is  held  vertically  and  filled  with  water,  a  thin 
plate  (the  weight  of  which  is  negligible)  being  pressed  against  the 
lower  end  to  prevent  the  water  from  escaping.  Compare  the  forces 
with  which  the  plate  must  be  held  in  its  place,  according  as  the  larger 
end  of  the  tube  is  at  the  top  or  bottom. 

3.  A  hollow  cone  stands  with  its  base  on  a  horizontal  table.  The 
area  of  the  base  is  100  sq.  ins.,  and  the  height  8*64  ins.  ;  its  weight  is 
equal  to  the  weight  of  water  it  will  contain.  When  filled  with  water, 
what  is  the  ratio  of  the  pressiu-e  of  the  water  on  the  base  to  that  of 
the  base  on  the  table  (supposed  uniform)  ?  How  do  you  account  for 
the  result  ?  (The  volume  of  a  cone  is  one-thii*d  of  that  of  a  cylinder 
with  tl\e  same  base  and  altitude.) 

4.  A  right  cu-cular  cone  is  open  at  the  base  and  has  a  small  hole  at 
the  vertex  ;  it  rests  on  a  horizontal  plane,  the  diameter  of  the  base 
being  1  decim.  and  the  height  of  the  cone  2  decim.  Find  the  weight 
of  the  cone  that  it  may  be  just  possible  to  fill  it  with  water  without 
causing  it  to  lift  from  the  plane. 

5.  Prove  that,  in  a  liquid  subject  to  gravity,  the  average  intensity 
of  the  pressure  over  any  plane  area  is  equal  to  the  intensity  at  th3 
centre  of  gravity  of  the  area. 

Does  the  line  of  action  of  the  resultant  thrust  pass  through 
the  centre  of  gi-avity  ? 

6.  Determine  the  thrust  in  pounds  on  every  foot-breadth  of  a 
vertical  wall  of  a  rectangiilar  reservoir  of  water  1 50  ft.  deep. 
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7.  A  lock-gate,  10  ft.  wide  aud  10  ft.  deep,  has  water  on  one  side 
8  ft.  deep  and  on  the  other  5  ft.  deep,  in  each  case  measured  from 
the  lower  edge  of  the  gate.     Determine  the  resultant  thrust. 

8.  Determine  the  total  thrust  on  one  side  of  a  rectangular  vertical 
do3k-gate  50  ft.  wide  immersed  in  salt  water  to  a  depth  of  25  ft., 
having  given  that  the  specific  gravity  of  sea  water  is  1-026. 

9.  A  cube  whose  edge  is  1  ft.  is  suspended  in  water  with  its  upper 
face  horizontal,  at  a  depth  of  2|  ft.  below  the  surface.  Find  the 
thrust  on  each  face  of  the  cube. 

10.  An  artificial  lake,  ^  mile  long  and  100  yds.  broad,  with  a 
gradually  shelving  bottom  varying  from  nothing  at  one  end  to  88  ft. 
at  the  other,  is  dammed  at  the  deep  end  by  a  masonry  wall  across  its 
entire  breadth.  Find  the  total  thrust  on  the  embankment  when  the 
lake  is  full  of  water  weighing  f  ton  to  the  cubic  yard.  Find  also 
the  total  weight  of  water  in  the  lake. 

11.  Find  the  thrusts  on  the  faces  of  a  cube,  whose  edge  is  6  ins. 
long,  immersed  in  water  with  its  upper  face  horizontal  at  a  depth  of 
5  ins. 

12.  A  rectangular  box  is  18  ins.  long,  8  ins.  wide,  and  12  ins.  deep. 
One  of  its  sides  is  removed,  and  a  board  is  nailed  on,  joining  that 
edge  of  the  bottom  from  which  the  side  has  been  removed  to  the  top 
of  the  opposite  side,  and  fitting  against  the  ends  of  the  box  so  as  to 
be  water-tight.  The  box  is  placed  with  its  base  horizontal,  and  the 
space  between  the  bottom  aud  the  board  is  filled  with  water  through 
a  small  hole  made  at  the  top  of  the  board.  Find  the  vertical  thrust 
on  the  board. 

13.  A  rectangulai'  board  is  immersed  in  water  with  one  of  its 
longer  edges  parallel  to  the  surface  and  at  a  given  depth.  Compare 
the  whole  thrust  on  the  board  when  it  is  (i.)  horizontal,  (ii.)  vertical 
and  upwards,  (3)  vertical  and  downwards. 

14.  A  bowl  in  the  shape  of  a  hemisphere  is  filled  with  water.  Find 
the  vertical  thrust  and  the  horizontal  thrust  on  either  of  the  portions 
into  which  it  is  divided  by  a  vertical  plane  through  its  centre. 

[N.B.  The  centre  of  gravity  of  a  semicircle  of  radius  r  is  at  a 
distance  4r/(37r)  from  the  centre.     Take   ir  =  -2^.] 
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15.  A  hollow  cone,  whose  height  is  4  ins.  and  the  radius  of  whose 
base  is  3  ins.,  is  fixed  with  its  base  horizontal  and  its  vertex  down- 
wards.    The  cone  is  filled  with  water ;    find  the  resultant  thrust  on 
the  curved  surface,  taking  tt  =  ^. 

16.  If  the  cone  in  the  liist  question  be  inverted  so  as  to  stand  on 
its  base,  find  the  increase  of  the  resultant  thrust  on  the  curved 
surface. 

17.  The  surface  of  a  vessel  containing  liquid  consists  of  a  number 
of  plane  faces  of  areas  a^,  a^,  a^,  ..,  &c.,  and  the  centres  of  gra\aty  of 
these  areas  are  at  depths  z^,  z.^,  ^3,  ...,  &c.,  below  the  surface  of  the 
liquid.  Write  down  the  sum  of  the  resultant  thrusts  on  the  sevei-al 
faces,  the  weight  of  a  imit  volume  of  liquid  being  tv,  and  show  that 
this  sum  is  equal  to  the  product  of  the  whole  superficial  area  of  the 
vessel  into  the  pressure  at  the  centre  of  gravity  of  this  area. 

18.  Explain  in  what  respect  the  quantity  called  "  whole  pressure  " 
on  a  curved  surface  differs  from  (i.)  a  pressure,  (ii.)  a  force.  What 
is  the  whole  pressure  on  a  plane  surface  ? 

19.  A  smooth  vertical  cylinder,  1  ft.  in  height  and  1  ft.  in  diameter 
is  filled  with  water  and  closed  by  a  hea^y  piston  weighing  5  bs. 
Find  the  *'  whole  pressure  "  on  its  curved  surface. 

20.  A  cubic  block,  each  of  whose  edges  is  6  ins.,  is  sunk  in  water 
to  a  depth  of  2240  ft.  Find  the  "  whole  pressure  "  upon  its  surface 
in  tons,  neglecting  the  dimensions  of  the  cube  in  comparison  with 
the  depth  of  its  immernion,  and  supposing  a  cubic  foot  of  water  to 
weigh  62 -5  lbs. 

21.  A  sphere,  the  radius  of  which  is  4  ins.,  is  totally  immersed  in 
water,  with  its  centre  at  a  depth  of  6  ins.  Find  the  "whole  pres- 
sure "  and  the  resultant  thrust. 

22.  A  hollow  cone,  whose  axis  is  vertical  and  vertex  downwards,  is 
filled  with  water.  At  what  depth  is  a  horizontal  plane  situated  when 
the  "  whole  pressures"  on  the  portions  of  the  curved  surface  above 
and  below  it  are  equal  'i 
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EXAMINATION   PAPER  V. 

1.  Dehne  pressure  at  a  jmnt  in  a  ^nid.  Show  that  the  pressure  in 
a  fluid  is  the  same  at  all  points  in  a  horizontal  plane. 

2.  Show  that  the  pressure  at  any  point  in  a  fluid  is  proportional  to 
the  depth  of  the  point  below  the  surface. 

3.  Find  the  pressure  at  a  depth  of  120  ft.  below  the  surface  of  a 
lake  (i.)  in  pounds  weight  per  square  foot,  (ii.)  in  dynes  per  square 
centimetre  ;  the  atmospheric  pressure  being  neglected. 

4.  Show  that  the  surface  of  a  heavy  liquid  at  rest  in  a  vessel  is 
horizontal. 

5.  Find  the  whole  thrust  on  a  plane  surface  immersed  in  liquid. 

6.  A  cylindrical  vessel,  the  radius  of  whose  base  is  4  ins.,  is  placed 
with  its  base  horizontal,  and  is  filled  with  water  to  a  height  of  14  ins. 
Find  the  whole  pressures  on  the  base  and  the  curved  surface.  (Take 
TT  =  -V-.) 

7.  The  face  of  an  embankment  is  a  rectangle  :[  mile  long  and  50  ft. 
wide,  and  is  inclined  so  that  it  is  completely  immersed  in  water  whose 
depth  is  30  ft.     Find  the  total  thrust  on  the  embankment. 

8.  A  cube  whose  edge  is  6  ins.  is  completely  immersed  in  mercury 
(specific  gravity  =  13*6),  so  that  its  upper  face  is  horizontal  and  at  a 
depth  of  9  ins.  below  the  surface.     Find  the  thrusts  on  the  faces. 

9.  Find  the  whole  resultant  thrust  on  the  surface  of  a  circle  whose 
radius  is  4  ins.  immersed  in  water  with  its  centre  at  a  depth  of  14  ins. 

10.  How  would  you  show  experimentally  that  the  pressure  on  the 
base  of  a  vessel  is  independent  of  the  shape  of  the  vessel  ? 
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RESULTANT    THRUSTS     ON     IMMERSED     AND 
FLOATING    SOLIDS. 

In  the  present  chapter  we  shall  consider  more  fully 
the  principle  of  Archimedes  which  asserts  that  a  body 
floating  or  immersed  in  liquid  experiences  an  upward 
force  equal  to  the  weight  of  the  liquid  it  displaces. 

This  force,  since  it  is  due  to  the  pressure  of  the  liquid, 
is  the  resultant  thrust  on  the  body,  and  we  shall  now  find  its 
line  of  action  as  well  as  its  magnitude. 

122.  To  find  the  magnitude  and  line  of  action 
of  the  resultant  thrust  of  a  liquid  on  any  floating 
or  immerBed  body. 

Let  the  submerged  portion  of  the  body  occupy  the  space 
bounded  by  the  surface  S  (Fig.  5,  p.  4$i). 

The  pressure  at  any  point  of  S  depends  only  on  the 
density  and  depth  of  the  liquid  at  that  point ;  hence  the 
thrust  of  the  outside  liquid  on  S  does  not  depend  on 
the  nature  of  the  substance  filling  S. 

.  Let  the  body  be  removed  and  let  S  be  filled  with  liquid 
similar  to  that  surrounding  S.  This  liquid  is  called 
the  liquid  displaced  by  the  body.  The  liquid  inside  and 
outside  S  is  now  in  equilibrium,  since  it  may  be  regarded 
as  forming  part  of  the  same  continuous  mass  of  liquid. 

Now  the  forces  acting  on  the  liquid  inside  S  are — 

(i.)  Its  weight,  acting  vertically  downwards  through 
its  centre  of  gravity  ; 

(ii.)  The  resultant  thrust  of  the  surrounding  liquid. 

Hence  the  conditions  of  equilibrium  show  that — 

The  resultant  thrust  of  a  heavy  liquid  on  any  body 

(1)  Is  equal  to  the  weight  of  liquid  displaced ; 

(2)  Acts  vertically  upwards  through  the  centra 
of  gravity  of  this  displaced  liquid. 
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l^EF, — The  centre  of  gravity  of  the  liquid  displaced 
by  any  body  is  called  the  centre  of  buoyancy. 

123.  Conditions  of  equilibrium  of  a  floating  body. 

— When  a  body  (e.g.,  a  boat)  floats  in  equilibrium  at  tbe 
surface  of  a  liquid,  there  are  two  forces  on  it,  namely,  its 
weight  acting  at  its  centre  of  gravity,  and  the  resultant 
thrust  of  the  surrounding  liquid  acting  through  the  centre 
of  buoyancy.  If  these  keep  the  body  in  equilibrium,  they 
must  be  equal  and  opposite  and  in  the  same  straight  line. 
Hence  the  conditions  of  equilibrium  are — 

(1)  The  weight  of  the  liquid  displaced  must  be 
equal  to  the  weight  of  the  solid ; 

(2)  The  centres  of  gravity  of  the  solid  and  of  the 
liquid  displaced  must  lie  in  the  same  vertical  line. 

Observation. — If  the  first  condition  is  satisfied  but  not  the  second, 
the  two  forces  acting  on  the  body  will  constitute  a  couple,  which  will 
cause  the  body  to  roll  over  until  it  conies  into  a  position  of  equilibrium. 

124.  Equilibrium   of  a   Submerged    Body.  —  If    W 

denote  the  weight  of  a  submerged  body,  iv  the  weight  of 
liquid  it  displaces,  it  readily  follows  from  §  122  that 

Case  I. — If  W>iv,  the  body  will  sinh  unless  it  is  held 
up  by  a  string  ^hose  tension  =  W—vj  (Fig  47,  A). 


Fig.  47. 
Case   II.  —  If    W=^w,   it    will    rest    in    any    position 
(Fig.  47,  B). 

Case  III. — If  W  <  w,  it  will  rise  till  it  floats,  and  will 
then  displace  less  liquid  than  before  (Fig.  47,  (7),  unless 
it  is  held  down  by  a  string  wh(^se  tension  =  w— PF 
(Fig.  47,  D). 
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Examples. — (1)  A  cube  of  gold  (specific  gravity  19'35),  whose  edges 
are  5  cm.  in  length,  is  suspended  in  mercury  with  4  cm.  of  each  of  its 
sides  submerged.     To  find  the  tension  in  the  supporting  string. 
Volume  of  cube  =  5x5x5  c.c.  =  125  c.c, 
.'.     weight  of  cube  =  125  x  19-35  gm.  =  2418'75  gm.  ; 
volume  of  mercury  displaced  =  5x5x4  c.c.  =  100  c.c. ; 
.-.     weight  of  mercury  displaced  =  100x13-6  =  1360  gm. ; 

.'.     required  tension  of  string  =  2418-75—1360  gm.  =  1058f  gm. 


(2)  If  the  tension  be  reduced  to 
cube  will  sink. 


1  kilog.,  to  find  how  much  the 


Here   the   cube   sinks   until   the    weight  of  the  additional   liquid 
displaced  equals  the  decrease  of  tension,  or  58f  gm. ; 
.-.     the  additional  volume  displaced  =  58*75  -j- 13-6  c.c.  =  4*32  c.c. 
But  the  area  of  the  base  of  the  cube  =  25  sq.  cm,, 
.-.     increase  in  depth  of  immersion  =  4-32  -h  25  cm.  =  -1728  cm. 

=  1-728  mm. 

(3)  To  find  the  weight  of  a  cylindrical  cork  (specific  gravity  -24) 
which  requires  a  weight  of  13  gm.  to  sink  half  the  length  of  its  axis 
in  water. 

Let  the  volume  of  the  cylinder  =  2v  cub.  cm. 

Then  the  voliune  of  the  water  displaced  =  v  cub.  cm.  ; 
.-.     weight  of  water  displaced  =  v  gm., 
and        weight  of  cylinder  =  2v  x  -24  gm.  =  -48v  gm.  ; 
therefore,  from  the  equilibrium  of  the  cylinder, 
•48t;  +  13  =  V  ; 
.-.     -52^;  =  13    or    «;  =  25  cc.  ; 
.'.     weight  of  cork  =  -48^  =12  gm. 

*125.  The  conditions  of  equilibrium  of  a  solid  in  liquid 
suspended  by  a  string*  may  be  completely  found  as  foUows  : — 

Let  }F  be  the  weight  of  the  solid, 
G  its  centre  of  gravity,  w  the 
weight  of  the  liquid  displaced,  H 
its  centre  of  buoyancy,  T  the  ten- 
sion of  the  string,  P  its  point  of 
attachment. 

Then  the  only  three  forces  acting 
on  the  body  are — 
(i.)  a  downward  force  If  at  (?, 
(ii.)  an  upward  force  ic  at  //,  and 
(iii.)  an  upward  force  'T  at  P. 
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Hence  (1)  The  three  forces  lie  in  one  plane,  or  the  points  P,  G,  H 
and  the  string-  must  lie  in  one  vertical  plane. 

(2)  li  H,  G  meet  the  direction  of  the  string  in  F,  taking  moments 
about  F,  W^GF  =  tv  x  HF. 

(3)  Lastly,  resolving  vertically,     T  =  W-  ic, 
which  determines  the  tension  in  the  string. 

126.  To  find  the  conditions  of  equilibrium  of  a 
solid  body  floating  in  a  series  of  liquids  of  different- 
densities  that  do  not  mix. — Let  S  be  any  solid  floating 
partly  immersed  in  several  different  liquids  1,  2,  3,  ... 
bounded  by  the  horizontal  planes  A  a,  Bb,  Go.  Then  it  is 
clear,  as  in  the  foregoing  investigations,  that  the  equi- 


Fig.  49. 
librium  will  be  unaffected  by  removing  the  solid  5  and 
supposing  the  space  ABbci  filled  with  the  liquid  1,  the  space 
BOcb  filled  with  the  liquid  2,  the  space  CDc  filled  with 
the  liquid  3,  and  so  on.  The  liquids  that  would  fill  these 
spaces  are  the  liquids  displaced  by  the  solid,  and  the 
resultant  upward  thrust  of  the  liquid  on  S  is  the  resultant 
of  the  weights  of  the  liquids  displaced  acting  vertically 
through  their  respective  centres  of  gravity.  Hence,  for 
equilibrium,  the  weight  of  the  solid  must  be  equal  to  the  sum 
of  the  weights  of  the  different  liquids  displaced. 

The  centre  of  buoyancy  in  this  case  is  the  centre  of  gravity  of  the 
whole  series  of  liquids  displaced.  This  point  and  the  centre  of 
gravity  of  the  sohd  must  be  in  the  same  vertical  line. 

The  most  interesting  cases  of  equilibrium,  however,  are  those  in 
which  the  solid  is  symmetrical  about  a  vertical  axis — such  as  a  prism, 
cylinder,  or  right  cone  having  its  axis  vertical,  a  cube  with  one  edge 
or  one  diagonal  vertical,  a  sphere,  &c.  In  such  cases,  the  centres  of 
gravity  of  the  different  liquids  displaced  and  that  of  the  soHd  all  lie 
in  the  same  vertical  line,  namely,  the  axis  of  symmetry,  and  the 
second  condition  of  equilibrium  is  necessarily  satisfied. 
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Examples. — (1)  Water  being  poured  on  the  top  of  mercury  (specific 
gravity  13*6),  to  find  the  specific  gravity  of  a  body  which  floats 
with  one-third  of  its  volume  above  water,  one-third  immersed  in  the 
water,  and  the  remaining  third  immersed  in  the  mercury. 

Here  the  volumes  of  the  water  and  mercury  displaced  are  equal, 
and  their  densities  are  as  1  :  13.6. 

Let  weight  of  water  displaced  =  w. 

Then  weight  of  mercury  displaced  =  ViQw. 

But  the  solid  is  floating  in  equilibrium ; 
.'.     the  weight  of  the  solid 

=  weight  of  mercury  displaced  +  weight  of  water  displaced 
=  \Z-Qw  +  w  =  U-6w. 
Again,  one -third  of  the  volume  of  the  solid  is  immersed  in  water  ; 
.*.     volume  of  solid  =  3  volumes  of  water  displaced ; 
.'.     weight  of  an  equal  volume  of  water  =  3w  ; 
.'.     required  specific  gravity  of  solid 

_  weight  of  solid  _  IJ-Btv  _  14-6  _  .  „^ 

weight  of  eqiial  volume  of  water         Stv  3 

(2)  A  cone  whose  specific  gravity  is  2*575  rests  partly  immersed  in 
water  and  partly  in  mercury.  To  find  what  fraction  (i.)  of  its 
volume,  (ii.)  of  its  axis,  is  immersed  in  mercury,  taking  the  axis 
vertical  and  vertex  downwards. 

(i.)  Let  V  be  the  volxmie  of  the  cone,  x  that  of  the  portion 
submerged  in  mercury. 

Then  the  weights  of  the  cone,  the  mercury  displaced,  and  the 
water  displaced,  are  proportional  to  2*575  F,   13-6:r,    V—x. 

For  equilibrium  the  former  equals  the  sum  of  the  two  latter 
weights;  .-.     2-575r  =  13-6a;+ T-a; ; 

.-.     12-6a:=  1-575 F"    or    a;  =  -125  7^  =  ^F". 

Therefore  ^  of  the  voliune  is  immersed  in  mercury. 

(ii.)  This  portion  is  a  cono  with  the  same  vertical  angle  as  the 
original  cone.  Now  it  is  known  that  the  volumes  of  two  such  canes 
are  proportional  to  the  cubes  of  their  heights. 

Therefore  ^\  or  \  of  the  axis  is  immersed  in  mercury. 


127.  Effect  of  Immersed  Solids  on  Pressure.  —  If 

solids  be  lowered  into  a  vessel  containing  liquid,  the  level 
of  the  liquid  will  rise  owing  to  the  displacement  produced 
by  the  solids,  and  therefore  there  will  be  an  increase  of 
pressure  all  over  the  surface  of  the  vessel. 
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Since  the  pressure  at  any  point  of  a  heavy  liqnid 
depends  only  on  the  depth  and  density,  it  follows  that 
the  pressure  on  the  sides  and  bottom  of  the  vessel  is  the 
same  as  if  the  solids  were  replaced  by  liqnid  equal  in 
amount  to  that  which  they  displace. 

Illustrative  Examples. — (1)  Consider  a  bucket  contain- 
ing water  and  suspended  by  a  rope.  Now,  let  anybody 
— say  a  brickbat — be  lowered  into  the  bucket  by  means 
of  a  second  rope.  The  water  will  rise  in  the  bucket ; 
ther3  will,  therefore,  be  an  increase  in  the  pressure  all 
over  the  bucket,  and  the  tension  in  the  first  rope  wiU 
be  gi'eater  than  before,  since  it  has  to  support  a  greater 
resultant  thrust. 

In  this  case,  the  tension  in  the  rope  supporting  the 
bucket 

=  weight  of  bucket  +  weight  of  water  actually  contained  in  it 
+  weight  of  water  displaced  by  brickbat. 
Also,  we  know  that 
tension  in  rope  supporting  brickbat 

=  weight  of  brickbat  —  weight  of  water  displaced  by  brickbat ; 
.-.     sum  of  tensions  in  the  two  ropes 

=  weight  of  bucket  +  actual  weight  of  water  +  weight  of  brickbat ; 
as  evidently  should  be  the  case,  for  the  two  ropes  together  have  to 
support  the  bucket,  the  water,  and  the  brickbat. 

(2)  If,  instead,  we  place  in  the  bucket  a  body  lighter 
than  water — say  a  block  of  wood — and  allow  it  to  float, 
it  wiU  displace  a  quantity  of  water  of  weight  equal  to 
its  own  weight.     As  before,  we  have 
tension  in  supporting  rope 

=  weight  of  bucket  +  weight  of  water  actually  ^.      _. 

contained  in  it  ^^' 

+  weight  of  water  displaced  by  wood 
=  weight  of  bucket  +  weight  of  contained  water 
+  weight  of  wood  ; 
as  evidently  should  be  the  case,  since  the  rope  has  to  support  the 
bucket,  the  water,  and  the  wood. 

*(3)  Next  consider  a  barge  filled  with  coal,  moving  slowly  along  a 
canal  crossing  a  bridge.  The  pressure  of  the  water,  and  therefore  the 
weight  supported  by  the  bridge,  will  be  unaltered  by  its  presence. 
Suppose  now  that  some  of  the  coal  is  thrown  suddenly  from  the  barge 
on  to  the  towing-path  ;  the  barge,  being  lightened,  will  rise  up  out 
of  the  water ;   and,  the  displacement  being  reduced,  the  water  will 
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fall  in  its  immediate  neig-hbourhood.  The  resultant  thrust  produced 
by  the  pressures  on  the  sides  of  the  canal  -will,  therefore,  be  instant- 
aneously reduced  by  an  amount  equal  to  the  weight  of  the  coal,  so  that 
the  whole  weight  supported  by  the  bridge  is  the  same  as  before.  But 
the  lowering  of  the  water  level  soon  causes  more  water  to  flow  into 
the  canal  from  the  ends  of  the  bridge,  and  this  goes  on  imtil  the  water 
has  reached  the  same  level  as  before.  The  bridge,  then,  has  to  sup- 
port the  same  thrusts  due  to  the  water  pressure  as  at  the  beginning, 
and  has  to  support  the  weight  of  the  coal  in  addition. 

Thus  the  whole  weight  supported  by  the  bridge  increases  slowly. 

Summary. 

1.  The  resultant  thrust  of  a  liquid  on  any  body 

(1)  Is  equal  to  the  weight  of  liquid  displaced  ; 

(2)  Acts  vertically  upwards  through  the  c.G.  of  this  liquid. 

2.  The  conditions  of  eqiiilihrium  of  a  floating  body  are 

(1)  "Weight  of  liquid  displaced  =  weight  of  body  ; 

(2)  c.Q.of  body  and  c.G.  of  liquid  in  same  vertical  line. 

3.  A  body  tends  to  sink^  float,  or  rise  according  as 

weight  of  body  ( 7F)  >  ,  = ,  or  <  weight  of  liquid  displaced  {iv) . 

4.  If  the  body  is  attached  to  a  striny,  the  tension  =  W—w  upwards 
in  first  case  and  tv—JF downwards  in  third. 

V    5.  If  a  body  floats  partly  immersed  in  each  of  several  liquids, 
weight  of  body  =  simi  of  weights  of  liquids  displaced. 
(The  other  condition  is  rarely  used.) 

6.  The  increase  of  pressure  on  the  containing  vessel  due  to  an  immersed 
\  solid  is  the  same  as  if  the  solid  were  replaced  by  the  liquid   it 
displaces.* 

EXAMPLES    XIII. 

1.  State  the  conditions  necessary  for  the  equilibrium  of  a  floating 
body,  and  discuss  the  effect  of  moving  a  heavy  weight  across  the  deck 
of  a  ship. 

2.  A  body  whose  specific  gravity  is  less  than  that  of  water  is 
fastened  to  a  string  and  drawn  completely  below  the  surface  of  the 
water  in  a  vessel,  the  string  being  fastened  to  the  bottom  of  the 
vessel.  Find  the  tension  of  the  string.  Is  there  any  alteration  in 
the  fluid  pressure  upon  the  base  of  the  vessel  ? 
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3.  A  body  whose  specific  gravity  is  greater  than  that  of  water  is 
fastened  to  a  string  and  lowered  into  a  vessel  containing  water.  If 
it  be  completely  immersed,  fijid  the  tension  of  the  string.  What 
efPect  has  this  on  the  pressure  of  the  water  upon  the  base  of  the 


4.  A  piece  of  lead  and  a  piece  of  sulphur  are  suspended  by  fine 
strings  from  the  extremities  of  a  balance  beam,  and  just  balance  each 
other  in  water.  Compare  their  volumes,  their  densities  being  respec- 
tively 11*4  and  2  gm.  per  cubic  centimetre.  Which  of  them  will 
appear  to  be  the  lighter  ia  air,  and  what  weight  must  be  added  to  it 
to  restore  equilibrium  ? 

5.  A  pieoe  of  lead  weighing  17  gms.  and  a  piece  of  sulphur  have 
equal  apparent  weights  when  suspended  from  the  pans  of  a  balance 
and  immersed  ia  water.  When  the  water  is  replaced  by  alcohol  of 
density  0*9,  1-4  gms.  must  be  added  to  the  pan  from  which  the  lead 
is  suspended  to  restore  equilibrium.  Determine  the  weight  of  the 
sulphur,  the  density  of  lead  being  11 '333. 

6.  A  block  of  wood  (specific  gravity  -75),  whose  volume  is  250  cc, 
is  totally  immersed  in  a  liquid  of  specific  gravity  1-25  by  means  of  a 
string  attached  to  the  bottom  of  the  vessel  containing  the  liquid. 
Find  the  tension  of  the  string. 

7.  A  block  of  wood,  whose  weight  is  63  lbs.  and  whose  specific 
gravity  is  -6,  is  in  a  pond.  If  a  baU  of  lead,  whose  specific  gravity 
is  11-5,  be  attached  to  the  block  by  a  string,  find  the  least  weight 
which  the  ball  can  have  so  as  to  keep  the  block  quite  under  water. 

8.  Two  solids,  whose  weights  are  14  and  16|  lbs.,  the  volume  of  the 
former  being  double  that  of  the  latter,  are  connected  by  a  weightless 
string  passing  over  a  smooth  puUey,  and  rest  in  equilibriTim  totally 
immersed  in  fiuids  of  specific  gravity  1-3  and  3*24  respectively.  Find 
the  volumes  of  the  solids. 

9.  Two  pieces  of  iron  (specific  gravity  7  "7),  suspended  from  the 
two  scale-pans  of  a  balance,  the  one  in  water  and  the  other  in  alcohol 
of  specific  gravity  0  85,  are  found  to  weigh  exactly  alike.  Find  the 
proportion  between  their  true  weights. 

]  0.  The  edge  of  a  hollow  cube  of  lead  (specific  gravity  =  11-35)  is 
7  cm.  ;  the  thickness  of  the  metal  forming  the  cube  is  1  cm.  Fiad 
the  apparent  weight  of  the  cube  in  water. 
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11.  A  cu"be  of  wood  floating  in  water  supports  a  weight  of  480  oz. 
On  the  weight  being  removed,  it  rises  1  in.  Find  the  size  of  the 
cube. 

12.  A  cubical  block  of  wood,  specific  gravity  -6,  whose  edge  is 
1  ft.,  floats,  with  two  faces  horizontal,  down  a  fresh- water  river  and 
out  to  sea,  where  a  fall  of  snow  takes  place,  causing  the  block  to  sink 
to  the  same  depth  as  in  the  river.  If  the  specific  gravity  of  sea-water 
be  1*025,  show  that  the  weight  of  snow  on  the  block  is  15  oz. 

13.  A  square  piece  of  wood  of  uniform  thickness  floats  in  water 
with  two  of  its  sides  vertical  and  with  seven- eighths  of  its  surface  area 
immersed.  Find  how  deep  it  would  sink  when  floating  in  a  similar 
position  in  a  fluid  whose  specific  gravity  is  1-25.  Show  that,  if  it 
float  with  one  of  its  diagonals  vertical  in  a  mixture  composed  of  equal 
volumes  of  the  fluid  and  water,  then  one-third  of  that  diagonal  will 
be  above  the  surface. 

14.  A  wooden  cone  (specific  gravity  -84),  whose  volume  is  36  cub. 
ins. ,  floats  vertex  downwards  in  a  liquid,  with  its  base  horizontal  and 
two-thirds  of  its  axis  immersed.  What  weight  must  be  placed  on 
the  base  in  order  that  three -fourths  of  the  axis  may  be  immersed  ? 

15.  A  right  cone,  whose  weight  is  W,  floats  in  a  liquid,  vertex 
downwards,  with  one-third  of  its  axis  immersed.  What  additional 
weight  must  be  placed  on  the  base  of  the  cone  so  as  just  to  sink  it 
entirely  in  the  liquid  ? 

16.  Show  that,  if  the  apparent  weight  of  a  body,  suspended  in 
a  mixture  by  volume  of  two  fluids  which  mix  without  contracting, 
be  equal  to  the  arithmetic  mean  between  its  apparent  weights  when 
suspended  in  the  two  fluids  separately,  the  mixture  contains  equal 
volumes  of  the  two  fluids. 

17.  A  piece  of  wood  floats  partly  immersed  in  water,  and  oil  is 
poured  on  the  water  until  the  wood  is  completely  covered.  Explain 
dearly  whether  this  will  make  any  change  (if  so,  whether  there  wUl 
be  an  increase  or  decrease)  in  the  portion  of  the  wood  below  tho 
surface  of  the  water. 

18.  A  mass  composed  partly  of  solid  copper,  specific  gravity  8-8, 
and  partly  of  solid  lead,  specific  gravity  11-4,  floats  with  two-thirds 
of  its  bulk   immersed   in   mercmy,  specific  gravity  13*6,    and  the 
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remaining  one -third  in  water.     Compare  the  volumes  and  weights  of 
the  copper  and  lead  in  the  mass. 

19.  A  lump  of  metal  of  specific  gravity  4-05  floats  partly  in  oil  of 
specific  gi'avity  -9  and  partly  in  mercury  of  specific  gravity  13 '5. 
What  portion  of  its  volume  is  in  each  ? 

20.  A  block  of  oak,  whose  specific  gravity  is  1-2  and  weight  6  lbs., 
is  supported  by  a  string,  which  cannot  bear  a  strain  of  more  than 
1*5  lbs.,  in  a  large  barrel  partly  filled  with  water,  in  which  the  block 
is  wholly  immersed.  Fluid  whose  specific  gravity  is  •?  is  now  poured 
into  the  barrel  so  as  to  mix  with  the  water,  until  it  is  filled.  Show 
that  the  string  will  break  if  the  barrel  was  originally  less  than  two- 
thirds  filled  up  with  water. 

21.  A  uniform  rod  10  ins.  long  floats  vertically  with  -9  of  its 
length  immersed  in  a  cyhndrical  vessel  containing  water.  If  alcohol, 
specific  gravity  -8,  be  now  poured  on  the  water  to  the  depth  of  5  ins., 
show  that  the  upper  surfaces  of  the  rod  and  alcohol  will  coincide. 

22.  A  piece  of  wood  of  specific  gravity  -8  floats  partly  in  water  and 
partly  in  a  liquid  lighter  than  water,  and  the  part  immersed  in  water 
is  two-sevenths  of  the  whole.  What  is  the  specific  gravity  of  the 
other  liquid  ? 

23.  A  cube  of  bronze,  whose  edge  is  10  cm.  and  specific  gravity 
8*5,  floats  in  mercury,  of  specific  gravity  13*6,  with  two  faces 
horizontal.  What  length  of  the  edge  of  the  cube  is  immersed  in  the 
mercury  ? 

24.  If,  in  the  last  question,  oil  of  specific  gravity  -85  is  now  poured 
on  the  mercury  until  the  cube  is  totally  immersed  in  liquid,  how  far 
will  the  cube  rise  out  of  the  mercury  ? 

26.  Water  floats  upon  impure  mercury  whose  specific  gravity  is  13, 
and  a  mass  of  platinum  whose  specific  gravity  is  21  is  held  suspended 
by  a  string  so  that  if  of  its  volume  is  immersed  in  the  mercury  and 
the  remainder  of  its  volume  in  the  water.  Compare  the  tension  of 
the  string  with  the  weight  of  the  platintun. 

26.  A  cylinder  of  wood  floats  in  water  with  its  axis  vertical  and 
having  three -fourths  of  its  length  immersed.  Oil  whose  weight  is 
half  that  of  water  is  then  poured  into  the  vessel  to  a  sufficient  depth 
to  cover  the  wood.  How  much  of  the  cylinder  will  now  be  immersed 
in  water  ? 
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27.  Water  is  poured  without  mixing  upon  glycerine  whose  specific 
gravity  is  1"26,  and  a  mass  of  cork  whose  specific  gravity  is  0*24  is 
held  down  by  a  string  so  that  half  its  volume  is  immersed  in  the 
glycerine  and  half  in  the  water.  Compare  the  tension  of  the  string 
with  the  weight  of  the  cork. 

28.  A  body  of  uniform  density  floats  in  mercury  whose  specific 
gravity  is  13-6  with  one-eighth  of  its  volume  immersed.  If  water  be 
poured  upon  the  mercury  so  that  the  body  is  completely  immersed, 
show  that  one -eighteenth  part  of  the  volume  will  be  immersed  in  the 
mercury. 

29.  A  piece  of  metal  floats  partly  in  oil  of  specific  gravity  -9  and 
partly  in  mercury  of  specific  gravity  13-6,  and  the  volumes  of  the 
portions  in  oil  and  mercury  are  in  the  ratio  of  3  to  4.  Find  its 
specific  gravity. 

30.  A  piece  of  wood  of  specific  gravity  -84  floats  partly  in  ether  of 
specific  gravity  -72  and  partly  in  water.  What  portion  of  its  volume 
is  in  each  ? 

31.  A  vessel  containing  water  is  placed  in  one  scale  of  a  balance 
and  counter-balanced  by  weights.  A  person  dips  his  hand  in  without 
touching  the  sides  of  the  vessel.  Will  the  equilibrium  be  disturbed  ? 
Give  your  reasons. 

32.  A  cube,  each  edge  of  which  is  4  ins.  long,  weighs  16,244  grs. 
in  air  and  95  grs.  in  water.  Find  the  weight  of  a  cubic  inch  of 
water,  having  given  that  the  specific  gravity  of  water  =  770  times 
the  specific  gravity  of  air. 

33.  Find  the  volume  of  a  block  of  chalk  (specific  gravity  1-9)  which 
weighs  the  same  as  a  block  of  iron  whose  volume  is  125  cub.  cm.  and 
specific  gravity  7*6.  What  will  be  the  volume  of  the  chalk  if  the 
weight  of  the  air  displaced  be  taken  into  accoimt  ?  (Specific  gravity 
of  air  =  -0013.) 

34.  A  bucket  half -full  of  water  is  suspended  by  a  string  which  passes 
over  a  pulley  small  enough  to  let  the  other  end  fall  into  the  bucket. 
To  this  end  is  tied  a  ball  whose  specific  gravity  s  is  greater  than  2. 
Show  that,  if  the  ball  do  not  touch  the  bottom  of  the  bucket,  and  if 
no  water  overflow,  equilibrium  is  possible  if  the  weight  of  the  ball  lie 
between  W  and  {s  ?F)/(s— 2),  where  JF  is  the  weight  of  the  bucket  and 
water. 
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EXAMINATION  PAPER  VI. 

1.  Find  the  resultant  vertical  thrust  on  any  area  immersed  in  a 
heavy  liquid. 

2  A  rectangnlar  area,  -whose  sides  are  1  ft.  and  2  ft. ,  is  immersed 
in  water  with  its  shorter  side  in  the  surface  and  its  plane  inchned  at 
an  angle  of  30°  to  the  horizon.  Eind  the  resultant  vertical  thrust  on 
the  area. 

3.  A  solid  hemisphere  whose  radius  is  7  cm.  is  immersed  in  liquid 
of  specific  gravity  1*5,  with  its  curved  surface  uppermost  and  its 
plane  surface  horizontal  at  a  depth  of  20  cm.  Find  the  resultant 
vertical  thrusts  on  both  the  plane  and  the  curved  surfaces. 

4.  A  cylindrical  vessel,  the  radius  of  whose  base  is  3^  cm.  and 
whose  height  is  16  cm.,  is  fiUed  with  water  and  mercury  (specific 
gravity  =  13-6),  the  mercury  occupying  a  depth  of  4  cm.  at  the  bottom 
of  the  vessel.  Eind  the  pressure  per  square  centimetre  on  the  base  of 
the  vessel,  and  the  total  thrust  on  the  base. 

5.  In  the  preceding  question,  calculate  the  whole  pressure  and  the 
average  pressure  of  the  contained  liquid  on  the  curved  surface  of  the 


6.  Show  that  the  resultant  vertical  thrust  on  a  body  whoUy  or 
partially  immersed  in  a  fluid  is  equal  to  the  weight  of  the  fluid 
displaced. 

7.  A  body  floats  in  water  with  half  of  its  volume  immersed.  What 
proportion  of  its  volume  will  be  immersed  when  it  is  placed  in 
sulphuric  acid  of  density  1*8  ? 

8.  A  certain  body  just  floats  in  fresh  water.  On  placing  it  in  sea 
water  of  specific  gravity  1-028,  it  requires  the  addition  of  5'6  gm.  to 
just  immerse  it.     Eind  its  volume. 

9.  A  body  floats  with  half  of  its  volume  immersed  in  water,  and 
when  placed  in  oil  ■^^^  of  its  volume  is  immersed.  What  is  the  specific 
gravity  of  the  oil  ? 

10.  A  piece  of  cork  (specific  gravity  =  -24),  whose  volume  is 
200  cub.  cm. ,  is  kept  totally  immersed  in  water  by  means  of  a  string 
attached  to  it  and  to  the  bottom  of  the  vessel.  Eind  the  tension  of 
the  string. 
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CHAPTEE     XIV 


ATMOSPHEREO   AIR.— BAROMETERS. 

128.  Fneamatics  is  tliat  portion  of  Hydrostatics  which 
treats  of  gases. 

Gases  are  distinguished  from  liquids  by 

(i.)  Their  compressibility,  in  virtue  of  which  they  can 
be  compressed  into  any  volume,  however  small  (until  they 
liquefy),  by  the  application  of  sufficiently  great  pressui^e. 

Gases  can  be  compressed  by  the  condemipg-pump  (which  will  be 
described  in  Chap.  XVIII.). 

(ii.)  Their  elasticity,  in  virtue  of  which  they  expand 
when  the  pressm^e  is  reduced,  so  as  always  to  fill  the 
whole  volume,  however  large,  of  the  containing  vessel, 
and  exert  pressure  on  its  sides. 

Gases  can  be  rarefied  by  the  air-pump  (Chap.  XVIII.),  until  a  nearly 
perfect  vacuum  or  empty  space  is  formed  in  any  given  vessel. 

The  pressure  of  a  gas  on  the  sides  of  its  containing  vessel  is  some- 
times called  its  elastic  force,  but  the  term,  pressure  is  better. 

Gases,  being  material  substances,  have  weight,  although 
their  density  is  generally  very  small  compared  with  that 
of  most  solids  and  liquids. 

Thus,  a  cubic  inch  of  water  when  boiled  at  ordinary  pressure  yields 
about  a  cubic  foot  of  steam.  But  matter  is  indestructible  ;  hence  the 
mass  of  the  steam  is  equal  to  that  of  the  water,  and  its  density  is 
therefore  only  about  yyV-s  of  the  density  of  water. 
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129.  Aristotle's  Experiments.  —  Aristotle  (b.c.  384-322), 
wishing  to  test  whether  air  had  weight,  experimented  by  weighing 
a  bladder  when  empty,  and  again  when  inflated  with  air.  He  found 
that  the  weight  was  the  same  in  both  cases,  and  hence  he  was  led  to 
infer  that  air  was  without  weight.  This  conclusion  was  universally 
accepted  up  to  the  seventeenth  century,  when  it  was  disproved  by 
the  following  experiment : — 

130.  To  find  the  density  of  atmo- 
spheric air. — A  large  glass  flask  fur- 
nished with  a  tap  or  stopcock  is  taken ; 
the  air  in  it  is  completely  exhausted 
by  means  of  an  air-pump,  and  the  tap 
is  closed.  The  flask  is  then  weighed 
with  a  balance  (Fig.  52).  On  opening 
the  tap,  air  rushes  into  the  flask  and 
depresses  the  scale-pan  carrying  it ; 
hence  the  flask  is  heavier  than  before. 
The  diiference  of  weight  is  found  by 
again  weighing,  and  is  evidently  equal 
to  the  weight  of  air  which  entered  the 
flask;  and,  if  the  volume  of  the  flask 
be  determined,  the  density  and  specific 
gravity  of  the  aii*  may  be  found. 

[Another  method  will  be  given  in  Chap.  XV.] 

Example. — A  flask  weighs  273-4  gm.  when  empty,  276-5  gm.  when 
filled  with  air,  and  2805-1  gm.  when  filled  with  water.  To  find  the 
weight  of  a  litre  of  air. 

Weight  of  air  in  flask  =    276-5-   273-4  =         3-1  gm.  ; 
weight  of  equal  volume  of  water  =  2805-1-   273-4  =  2531-7  gm.  ; 
.-.     specific  gi-avity  of  air  =        3-1^2531-7=  -001224. 

But  a  Htre  of  water  weighs  1000  gm.  ; 

.'.     weight  of  a  litre  of  air  =        1-224  gm. 

The  density  of  air  is  generally  taken  as  about  1*3  oz. 
per  cubic  foot,  so  tha.t  the  specific  gravity,  with  water  as 
the  standard,  is  -0013,  and  a  litre  of  air  weighs  1*3  gm. 

But,  as  air  is  so  readily  compressible,  its  density  depends  on  the 
pressure  and  temperature. 

The  specific  gravities  of  other  gases  may  be  found  in  the  same  w'ay. 
These  are  generally  refeiTed  either  to  atmospheric  air  or  to  hydrogen 
gas  as  the  standard  substance  instead  of  water.  Hydrogen  is  the 
lightest  gas  known,  its  density  being  only  about  ^  of  that  of  air  ; 
hence  it  is  convenient  to  take  hydi-ogen  as  the  standard. 


Fig.  52. 
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131.  Effect  of  Buoyancy  of  Displaced  Air. — Since 
the  flask  is  weighed  in  air,  its  apparent  weight  in  each 
case  is  less  than  its  true  weight  by  the  weight  of  air 
which  the  flask  displaces.  But  this  is  tJie  same  at  both 
observations ;  hence  it  does  not  affect  the  difference  of  the 
observed  weights,  which  therefore  still  equals  the  weight 
of  air  inside  the  flask  at  the  second  observation. 

Hence  no  allowance  need  be  made  for  the  buoyancy  of 
the  displaced  air. 

In  Aristotle's  experiment,  on  the  other  hand,  the  bladder  expanded 
as  it  was  filled,  so  that  the  more  air  he  blew  in  the  more  air  he  dis- 
placed, and  the  buoyancy  of  this  displaced  air  exactly  balanced  the 
increase  of  weight  inside  the  bladder. ' 

The  buoyancy  of  the  air  displaced  by  a  body  is  usefully 
applied  in  the  balloon. 


132.  The  Balloon  is  a  large  globular  envelope  of  oiled 
silk  or  other  air-proof  material  filled  with  hydrogen,  coal 
gas,  or  some  other  gas  lighter  than  air.  Attached  to  it  is 
a  light  car  to  hold  the  aeronauts. 

The  forces  acting  on  the  balloon  are 

(i.)  The  weight  of  the  balloon  and  its  contained  gas 
acting  downwards. 

(ii.)  The  resultant  thrust  of  the  sun^ounding  air  which 
acts  upwards  and  is  Oqual  to  the  weight  of  air  displaced. 

Now  the  gas  inside  the  balloon  weighs  less  than  the  air 
it  displaces.  Hence,  if  their  dilference  is  greater  than 
the  weight  of  the  envelope  and  car,  the  balloon  will 
ascend.  By  letting  part  of  the  gas  escape  through  a 
valve,  the  volumes  of  the  balloon  and  displaced  air  will 
decrease,  until  the  balloon  begins  to  descend. 

Example. — A  cubic  foot  of  air  weighs  1-29  oz.,  while  a  cubic  foot 
of  hydrogen  only  weighs  -09  oz.  To  find  the  volume  of  a  hydrogen 
balloon  which  will  just  lift  250  lbs. 

Since  each  cubic  foot  of  hydrogen  weighs  -09  oz.  and  displaces 
1-29  0Z.  of  air, 

.-.     1  cub.  ft.  wiU  lift  1-29--09  oz.,  or  1-2  oz. ; 
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.-.     number  of  cubic  feet  required  to  lift  250  lbs. 

^  250  X  16  _  4000  _  10,000  ^  33331  . 
1-2  1-2  3  ^' 

i.e.,  required  volume  of  the  balloon  =  3333|-  cub.  ft. 

133.  Fressnre  of  the  Atmosphere. — Since  air  has 
weight,  the  reasoning  of  Chap.  X.  shows  that  the 
atmosphere  must  exert  a  pressure  on  all  surfaces  with 
which  it  is  in  contact,  and  that  with  the  usual  density  of 
air  this  pressure  must  increase  by  about  1*3  oz.  per  sq.  ft. 
for  every  foot  increase  of  depth. 

The  effects  of  atmospheric  pressure  may  be  illustrated 
by  several  simple  experiments. 

Thus,  if  we  take  a  glass  tumbler  filled  ^^^ 

to  the  brim  with  water  and  lay  a  sheet  of  |f    ^    \ 

cardboard  over  the  top,  pressing  it  well  /fe--  \ 

down,  4t  will  be  found  that  the  glass  may  A 

be  inverted  without  the  water  falling  out.  I 

The  card  is  in  fact  held  up  by  the  thrust  of  Fig.  53. 

the  atmosphere  upwards  on  its  under  side. 

This  upward  thrust  has  to  support  the  weight  of  the  card  and  the 
thrust  of  the  water  on  the  upper  side,  besides  pressing  the  card  tightly 
against  the  rim  of  the  glass. 

Hence  the p7-essure  of  the  air  (per  square  inch),  acting  upwards  on 
the  card,  must  exceed  the  pressure  of  the  water  downwards ;  otherwise 
the  card  would  fall  down.  The  atmospheric  pressure  is  therefore 
greater  thau  the  pressure  due  to  a  column  of  water  of  the  same 
height  as  the  glass. 


134.  The  Magdebnrg  Hemispheres,  invented  by 
Otto  Guericke,  of  Magdeburg  (1602-1686),  are  two  hollow 
hemispheres  whose  edges  fit  truly  when  in  contact.  When 
the  air  is  withdrawn  by  means  of  an  air-pump  from  the 
spherical  cavity  thus  formed,  it  will  be  found  that  the 
hemispheres  cannot  be  pulled  asunder  except  by  applica- 
tion of  considerable  force.  This  force  is  required  to 
overcome  the  resultant  thrusts  produced  by  the  pressure 
of  the  atmosphere  on  the  outer  surfaces  of  the  hemi- 
spheres. 


ATMOSPIIKRIC    PRESSURE.  143 

135.  Torricelli's  Experiment. — The  Barometer. — 

The   first    actual   measurement   of   the   pressure   of   the 
atmosphere  is  due  to  Torricelli  (1643),  and 
his  experiment  resulted  in  the  invention  of 
the  mercurial  barometer. 

To  perform  the  experiment  or  to  construct 
a  barometer  in  its  simplest  form,  a  glass 
tube  about  33  ins.  long  and  closed  at  one 
end  is  completely  filled  with  mercury.  The 
open  end  is  then  closed  with  the  finger,  the 
tube  inverted  into  a  cup  of  mercury,  and  the 
finger  then  removed,  care  being  taken  not  to 
allow  any  air  to  get  into  the  tube.  The 
mercury  will  at  once  sink  and  leave  a  clear 
space  at  the  top  of  the  tube,  and  the  height 
of  the  column  of  mercury  above  the  surface 
in  the  cup  will  be  found  to  be  about  30  inches  pio..  54. 

or  760  millimetres. 

If  the  tube  be  furnished  with  a  scale  for  reading  off 
the  height  of  the  mercury,  the  apparatus  constitutes  a 
mercurial  barometer. 

The  space  above  the  mercury  is  practically  a  vacuum, 
and  is  called  the  Torricellian  vacuum.*  Hence  there 
is  no  pressure  at  the  top  of  the  tube. 

The  atmospheric  pressure  at  the  surface  of  the  mercury 
in  the  cup  must  therefore  be  equal  to  that  due  to  the 
weight  of  the  column  of  mercury  in  the  tube.  The  height 
of  this  column  is  called  the  height  of  the  barometer, 
or  the  barometer  reading.     Hence 

The  height  of  the  barometer  measures  the  pres- 
sure of  the  atmosphere. 

Note. — If  we  perform  Torricelli's  experiment  with  a  tube  shorter 
than  the  column  of  mercury  which  the  atmospheric  pressure  is  capable 
of  supporting,  no  vacuum  will  be  formed. 

*  Strictly,  it  contains  a  very  minute  quantity  of  the  vapour  of  mercury  ;  see 
Stewart's  Text- Book  of  Heat,  §56. 
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Examples. — (1)  If  the  height  of  the  mercury  be  29|in8.,  to  find 
the  atmospheric  pressure  in  pounds  per  square  inch,  taking  specific 
gravity  of  mercury  =  13 "6. 
Weight  of  1  cub.  ft.  of  mercury  =  13-6  x  weight  of  1  cub.  ft.  of  water 

=  13,600  oz.  ; 
■.'.  pressureduetolft.  of  mercury  =  13,600  oz.  per  sq.  ft.  ; 

„         ,,       29|in8.     ,,         =  13,600x29-5/12  oz.  per  sq.  ft.  ; 

13,600x29-5,, 

i  =  — ^ lbs.  per  sq.  in. ; 

■  12x16x144  ^       ^ 

.-;     pressure  of  atmosphere  =  14-51  lbs.  per  square  inch. 

(2)  If  the  height  of  the  mercury  be  750  mm,,  to  find  the  pressure 
(i.)  in  statical,  (ii.)  in  C.G.S.  absolute,  units. 

(i )  The  pressure  due  to  1  cm.  of  mercury  =  13-6  gm.  per  sq.  cm. ; 
,,  ,,       75       ,,         ,,  =  1020       ,,  ,, 

i.^.,  required  atmospheric  pressure  =  1020  C.G.S.  statical  units. 

(ii.)  Taking  the  acceleration  due  to  gravity  as  981  cm.  per  sscond 
per  second,  a  gramme  weighs  981  dynes  ; 

.  -.  pressure  of  the  atmosphere  =  1020  x  981  dynes  per  square  centimetre 
=  1,000, 620  dynes  per  square  centimetre, 
i.e.,  1,000,620  C.G.S.  absolute  units. 

136.  Water  and  Glycerine  Barometers.  —  Instead 
of  performing  Torricelli's  experiment  with  mercury,  we 
might  use  a  column  of  water  or  any  other  liquid  to 
measure  the  pressure  of  the  atmosphere,  provided  that 
we  took  a  sufficiently  long  tube  for  the  purpose. 

Examples. — (1)  When  the  mercury  stands  at  30  ins.,  to  find  the 
height  of  the  water  barometer. 

The  density  of  mercury  is  13-6  times  that  of  water. 
.-.  pressure  due  to  1  ft.  of  mercury  =  pressure  due  to  13-6  ft.  of  water  ; 
)>         n        2^  5>         >»         =         >>  >         13-6x2^,,      ,, 

.-.     height  of  water  barometer  =  13-6  x  2|  ft.  =  34  ft. 

Unless,  therefore,  the  tube  exceeded  34  ft.  in  height,  no  vacuum 
wctuld  be  formed  and  the  instnma.ent  would  be  useless. 

(2)  When  the  water  barometer  is  at  a  height  34  ft.,  to  find  the 
height  of  ft  glycerine  barometer,  the  specific  gravity  of  glycerine 
being  1-26. 

Thepressuredueto  1*26  ft.  of  water  =  pressuredueto  1  ft.  of  glycerine ; 
,,         ,,         34     ,,         ,,       =         ,,         ,,      34-fl-26,,     ,, 
height  of  glycerine  barometer  =  34 -f  1-26  =  27  ft.,  nearly. 
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(3)  To  show  that  the  heights  to  which  liquids  rise  in  the  barometer 
tube  are  inversely  proportional  to  their  densities. 

Let  7F,  w  be  the  wts.  per  unit  vol,  of  any  two  fluids,  IT,  h  the 
heights  of  the  columns  of  the  fluids  which  the  atmospheric  pressure 
is  capable  of  supporting.     Tlien  we  have 

pressure  of  atmosphere  =  WH  =  ivh  ; 

'  '      h         W' 
height  of  first  liquid     _  density  of  second  liquid 
height  of  second  liquid         density  of  fii'st  liquid 

137.  The  water  barometer  is  much  more  sensitive  to 
small  changes  of  atmospheric  pressure  than  a  mercuiial 
barometer. 

For  the  column  of  water  is  always  13-6  times  as  high  as  the  column 
of  mercury.  Thus  the  change  of  pressure  which  would  cause  the 
merciuy  to  rise  '1  woiild  cause  the  water  to  rise  13-6  times  as  much, 
or  1'36  ins. 

The  great  objection  to  a  water  barometer  is  the  difficulty 
of  retaining  a  good  vacuum  at  the  top  of  the  tube.  Not 
only  does  water  evaporate  freely  into  the  vacant  space, 
but  air  gets  absorbed  at  the  sui^face  of  the  cup,  and  is  given 
off  again  at  the  surface  of  the  column. 

These  objections  are  to  a  great  extent  obviated  by  the 
use  of  glycerine.  Its  specific  gravity  being  1*26,  the 
glycerine  barometer  is  more  than  ten  times  as  sensitive 
as  a  mercurial  barometer,  and  a  much  better  vacuum  is 
obtained  than  with  water. 

138.  The  height  of  the  barometer  is  independent 
of  the  shape  and  size  of  the  tube. 

For,  if  h  be  the  height  of  the  barometer,  t.e.,  the 
vertical  height  of  the  surface  of  the  mercury  in  the  tube 
above  its  surface  in  the  cup,  and  w  the  wt.  per  unit  vol.  of 
mercury,  then  the  atmospheric  pressure  P  is  given  by  the 
formula  of  §  95,  P  =  wli ; 

and  it  is  shown  in  §  98  that  this  fonnula  is  independent 
of  the  shape  and  area  of  t  he  tube ;  hence  the  height  h 
depends  only  on  the  atmospheric  pressure  ^ud  the  specific 
gravity  of  the  mercury. 

HYDRO.  It 
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139.  The  effect  of  inclining  the  tube  will  be  that  the  mercury  will 
rise  to  the  same  vertical  height  as  before,  and  will  therefore  occupy  a 
greater  length  of  tube. 

[An  inclined  tube  barometer  has  been  constructed  on  this  principle ; 
the  upper  part  of  the  tube  is  inclined  at  a  small  angle  to  the  horizon, 
and  a  small  rise  or  fall  in  the  vertical  height  therefore  causes  the 
mercury  to  move  through  a  considerable  length  of  tube.] 

140.  To  test  if  the  oarometer  is  true  or  faulty. — It  often  happens  that 
in  an  old  barometer  a  little  air  has  leaked  into  the  space  above  the 
mercury,  which  is  therefore  no  longer  a  true  vacuum.  This  air  may 
be  detected  by  inclining  the  tube  till  the  height  of  its  upper  end 
above  the  cup  is  less  than  the  height  of  the  barometer.  If  the  baro- 
meter is  perfect,  the  mercury  will  then  fill  the  whole  tube  ;  if  not,  a 
bubble  of  air  will  remain. 


Fig.  55.  Fig.  56. 

141.  The  Siphon  Barometer  consists  of  a  U-tube 
which  has  branches  of  unequal  length.  The  shorter 
branch  is  open  to  the  atmosphere  and  corresponds  to  the 
cup  of  Torricelli's  instrument,  while  the  longer  one  is 
closed,  and  a  vacuum  is  formed  above  the  mercury  at  its 
upper  end.  When  the  mercury  rises  in  one  arm  it  falls 
in  the  other,  and  the  height  of  the  barometer  is  the 
difference  of  level  of  the  mercury  in  the  two  branches. 
It  is  often  read  off  on  a  graduated  dial  by  means  of  the 
arrangement  shown  in  Fig.  56  (Wheel  Barometer). 
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Examples. — (1)  If  the  sectional  areas  of  the  longer  and  shorter 
limbs  are  1  sq.  cm.  and  \\  sq.  cm.,  and  the  height  of  the  barometer 
in  centimetres  is  read  off  on  a  scale  attached  to  the  upper  limb,  to 
find  the  distance  between  the  graduations. 

Let  the  mercury  in  'the  shorter  or  larger  limb  fall  1  cm. 

Then  \\  ctib.  cm.  of  mercury  will  flow  into  the  longer  limb  ; 
.-.     the  mercury  in  the  longer  limb  will  rise  1|  cm. 
.  •.     the  difference  of  level  will  increase  2|  cm., 
i.e.,  barometer  rises  f  cm.  when  mercury  in  upper  limb  rises  f  cm.  ; 
.'.     barometer  rises  1  cm.  when  mercury  in  upper  limb  rises  f  cai. 

Therefore  the  graduations  must  be  |  cm.  or  6  mm.  apart  to  indicate 
centimetres  of  barometric  height. 

Similarly,  if  for  a  scale  attached  to  the  lower  limb,  the  graduations 
must  be  4  mm.  apart,  and  must  read  doiomvards. 

(2)  If  the  sectional  area  of  the  tube  of  an  ordinary  barometer  is 
1^  sq.  in. ,  and  it  dips  into  a  cistern  of  mercury  whose  superficial  area 
is  5  sq.  ins. ,  to  graduate  the  tube  in  inches  of  barometric  height. 

The  area  of  the  cistern  outside  the  tube 

=  5  — :|  sq.  in.  =  -^  sq.  in. 
=  19  times  sectional  area  of  tube. 
If,  therefore,  the  mercury  rises  1  in.  in  the  tube,  it  will  fall  -^^  in. 
outside,  and  the  change  in  barometer  reading  will  be  f^  in. 

Therefore  1  in.  of  barometer  reading  is  measured  on  the  scale  by  a 
length  of  i§  in. 

142.  Tlie  Aneroid  Barometer  is  a  hollow  metal  box  exhausted 
of  air.  The  atmospheric  pressure  tends  to  force  in  the  top  of  the 
box,  but  is  resisted  by  the  elasticity  of  the  metal,  which  acts  like  a 
spring.  When  the  pressure  increases  or  decreases,  the  lid  sinks  or 
rises  slightly,  and  moves  a  pointer  which  indicates  the  pressure  on  a 
dial.  This  dial  is  graduated  in  "  inches  "  or  "  millimetres,"  corre- 
sponding to  the  readings  of  a  mercurial  barometer.  The  aneroid  is 
chiefly  used  on  accoxmt  of  its  portability. 

143.  The  use  of  the  barometer  is  to  indicate  the 
pressure  of  the  atmosphere.  If  the  barometer  rises, 
it  indicates  an  increase  in  the  atmosplieric  pressure,  while 
a  falling  barometer  indicates  a  decrease  of  pressure. 

The  reason  why  the  barometer  can  be  used  to  predict 
the  weather  is  because  expenence  has  shown  that  certain 
changes  of  weather  are  generally  accompanied  by  certain 
changes  of  atmospheric  pressure. 
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Thus,  when  we  say  that  "the  barometer  usually  falls  for  rain," 
we  mean  that  rainy  weather  is  usually  preceded  by  a  decrease  in  the 
pressure  of  the  atmosphere.  Similarly,  an  improvement  in  the  weather 
usually  occurs  simiiltaneously  with  an  increase  of  pressiire.  The 
same  changes  are  not  indicated  in  the  same  manner  in  all  parts  of 
the  globe.  But  in  no  case  can  changes  of  weather  affect  the  baro- 
meter otherwise  than  by  causing  changes  in  the  pressure  of  the 
atmosphere. 

For  further  information  on  this  subject,  the  reader  is  referred  to 
treatises  on  meteorology. 

144.  Precautious  aud  Correctious. — Barometers  for 
scientific  use  are  provided  with  a  scale  to  read  the  lower 
level  of  the  mercury  in  the  cup  or  short  branch,  in  addition 
to  the  scale  on  the  tube.  Both  scales  are  read,  the  diifer- 
ence  giving  the  actual  height  of  the  mercury.  To  this 
the  following  corrections  are  applied  (vide  §§  145-147): — 

(i.)  Correction  for  capillarity, 

(ii.)  Correction  for  temperature. 

(iii.)  Correction  for  variations  in  intensity  of  gravity, 

(iv.)  Reduction  to  sea  level. 

145.  "Tapping  tlie  barometer." — When  the  mercury  is  rising 
or  falling,  a  sudden  jar  or  blow  will  often  cause  the  reading  to  change 
considerably.  This  is  due  to  the  adhesion  of  the  siirface  of  the 
mercury  to  the  sides  of  the  barometer  tube,  which  causes  it  to  adapt 
itself  with  reluctance  to  changes  of  level.  A  smart  blow  loosens  the 
merciu*y,  which  then  at  once  moves  to  the  level  necessary  to  balance 
the  atmospheric  pressure. 

This  adhesion  at  the  surface  of  liquids  is  called  capillarity.  Even 
when  tapping  has  no  fm-ther  effect,  the  mercury  surface  will  still 
assume  a  somewhat  curved  form,  and  there  is  therefore  a  further 
correction  for  capillarity.  This  con-ection  depends  on  the  area  of  the 
section  of  the  tube  at  the  surface  of  the  mercury,  being  greater  for 
small  than  large  tubes  ;  hence  the  height  of  the  mercury  is  not  quite 
independent  of  the  bore  of  the  tube  at  its  upper  end.  The  shape  of 
the  tube  below  the  surface  does  not,  however,  affect  the  reading. 

*146.   Corrections  for  Temperature  and  Intensity  of  Gravity. 

From  §§  92,  109,  the  absolute  pressure  due  to  a  given  colimm  or 
head  of  mercury  is  proportional  to  the  density  of  the  mercury,  which 
is  affected  by  changes  of  temperature,  and  from  §  107  this  presstu-e  is 
also  proportional  to  "^7,"  which  varies  slightly  in  different  places. 
Hence,  in  order  that  the  same  barometer  reading  may  always  repre- 
sent the  same  atmospheric  pressure,  it  is  necessary  to  apply  corrections 
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for  temperature  and  intensity  of  gravity.  The  reading,  when  thus 
corrected,  represents  the  height  of  the  mercury  column  that  the 
atmospheric  pressure  tcotcld  support  at  a  standard  temperature  (usually 
the  freezing-point  of  water,  0°C.  or  32°F.)  at  a  standard  place  (usually 
taken  at  the  sea  level  in  latitude  45°) .  The  pressm-e  of  the  atmosphere 
is  then  said  to  be  reduced  to  "standard  inches  (or  millimetres)  of 
pressure." 

*147.  Reduction  to  sea  level. — We  shall  see  in  the  next  chapter  that 
the  pressure  of  the  atmosphere  depends  on  the  altitude.  In  comparing 
the  readings  of  the  barometer  for  piu-ely  meteorological  purposes,  it  is 
therefore  necessary  that  the  observations  should  all  be  made  at  the 
same  altitude,  and  for  this  piurpose  the  sea  level  is  generally  chosen. 
As  this  is  impracticable  at  inland  stations,  the  observations  are 
corrected  for  altitude  by  being  reduced  to  the  sea  level.  They  therefore 
represent  what  would  be  the  corresponding  reading  of  a  barometer 
placed  at  the  sea  level  under  similar  meteorological  conditions. 

148.  The  average  height  of  the  mercnrial  barometer 
is  generally  taken  as  30  ins.  or  760  mm.  This  corre- 
sponds to  34  ft.  height  of  the  water  baroiupfer,  or  an 
atmospheric  pressure  of  about  14' 7  lbs.  per  sq..  in.  Thig 
pressure  is  called  one  atmosphere  (§  69). 

The  barometer- reading  called  Change  is  at  29 J  ins. 

149.  Effect  of  Atmospheric  Fressnre  on  Liquids. — 

If  the  surface  of  a  heavy  liquid  is  exposed  to  atmospheric 
pressure,  the  pressure  at  any  point  will  be  the  same  as  if 
the  sui-face  of  the  liquid  were  raised  by  an  amount  equal 
to  the  height  of  the  barometer  of  that  liquid  and  the 
pressure  at  the  new  surface  were  zei*o. 

This  theorem  is  obvious  fi-om  the  following  examples : — 

Examples. — (1)  To  find  the  pressure  in  water  at  a  depth  of  110  ft., 
the  height  of  the  water  barometer  being  34  ft. 

Atmospheric  pressure  at  surface  =  pressure  due  to  34  ft.  of  water 

=  34,000  oz.  per  sq.  ft. 
Increase  of  pressure  in  110  ft.  =  110,000  oz.  per  sq.  ft.  ; 

.-.     total  pressure  required  =  110,000  +  34,000  oz.  per  sq.  ft. 
=  144,000  oz.  per  sq.  ft. 
=  1,000  oz.  or  62|  lbs.  per  sq.  in. 
We  thus  see  that  the  pressure  is  that  due  to  a  column  of  water  of 
height  110  +  34  ft.,  and  is  therefore  the  same  as  if  the  depth  of  the 
water  were  increased  by  34  ft. ,  the  height  of  the  water  barometer. 
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(2)  To  find  the  pressure  at  depth  h  in  a  heavy  liquid  exposed  to 
atmospheric  pressure,  the  height  of  a  barometer  of  that  liquid 
being  //. 

Let  w  be  the  wt.  of  unit  vol.  of  the  liquid,  p  the  atmospheric 
pressure.     Then  (by  §  95) 

pressure  at  depth  h  =  p  +  wh. 
But  (by  §  138)  p  =  wH ; 

,'.    required  pressure  =  wH+tch  =  w{H'+h) 

=  pressure  due  to  a  column  of  height  S+h. 

Note. — The  same  result  could  be  at  once  proved  by  supposing  a  barometer 
of  the  liquid  to  be  constructed  above  its  surface,  the  lower  end  of  the  tube 
dipping  into  it.  The  pressure  at  any  point  of  the  liquid  would  evidently  be 
that  due  to  the  column  H  +  h  extending  from  the  surface  of  the  "Torricellian" 
vacuum  in  the  tube  down  to  that  point. 

Effect  on  EesuUant  Thrusts  due  to  Fluids. — ^When  a  vessel  is  filled  with 
a  heavy  liquid,  the  atmospheric  pressure  acts  on  the  outer  surface  of 
the  vessel,  besides  being  transmitted  by  the  liquid  to  the  inner  surface. 
Hence  the  restdtant  thrusts  on  the  base  and  sides  of  such  a  vessel  are 
the  same  as  if  the  atmospheric  pressure  did  not  exist,  and  are  there- 
fore found  as  in  Chap.  XII. 

The  pressure  on  the  inner  surface  of  the  vessel  is,  however,  increased 
by  the  atmospheric  pressure. 


1.  The  densUi/  of  air  is  found  by  weighing  a  flask  when  exhausted 
and  when  filled  with  air. 

2.  The  pressure  of  the  atmosphere  is  measured  by  the  height  of  the 
fluid  column  it  supports  in  a  barometer,  the  top  of  whose  tube  is  a 
vacuum. 

The  fluid  is  usually  mercury  (specific  gravity,  13-6),  sometimes 
water  or  glycerine. 

3.  The  principal  kinds  of  barometer  are — 

(i.)  The  common  barometer,  ha\'ing  cup  of  mercury  ; 
(ii.)  The  siphon  or  bent- tube  barometer  ; 
(iii.)  The  aneroid  barometer  (not  mercurial) . 

4.  To  read  the  barometer  accurately,  both  upper  and  lower  levels  of 
the  mercurj'-  are  taken  and  the  reading  corrected  for — 

(i.)  Capillarity;  (ii.)  Temperature  of  mercury  ; 

(iii.)  Intensity  of  gravity  ;        (iv.)  Reduction  to  sea  level. 

5.  The  average  height  of  the  mercury  haroineter 

=  30  ins.  =  760  mm. 
,'.     the  average  height  of  the  water  barometer 

=  30  ins.  X  13-6  =  34  ft. ; 
.*.     average  pressure  of  atmosphere  =  34,000  oz.  per  square  foot 
=  14' 7  lbs.  per  square  inch,  roughly. 
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EXAMPLES  XIV. 

[Unless  otherwise  stated,  the  following  data  will  be  assumed : — height 
of  merctirial  barometer,  30  in.,  or  76  cm.  ;  height  of  water 
barometer,  34  ft.  ;  specific  gravity  of  mercury,  13*6.] 

1.  A  flask  when  empty  weighs  120  gm.,  when  full  of  air  it  weighs 
121-3  gm.,  and  when  full  of  water,  1120  gm.  Calculate  the  density 
of  the  air. 

Explain  whether  it  is  or  is  not  necessary  to  take  account  ol 
the  weight  of  air  displaced. 

2.  With  the  barometer  at  760  ram.,  the  mass  of  a  litre  of  air  is 
1-2  gm.,  and  of  a  litre  of  hydrogen  -089  gm.  The  material  of  a 
balloon  weighs  50  kilog.  :  what  must  be  its  voliime  in  order  that  it 
may  just  rise  when  filled  with  hydrogen  ?  Explain  carefully  how 
you  obtain  your  result. 

3.  If  the  atmospheric  pressure  is  15  lbs.  per  square  inch  and  the 
diameters  of  a  pair  of  Magdeburg  Hemispheres  are  7  ins.,  find  the 
force  required  to  pull  them  asunder. 

4.  Show  that  the  thrust  of  the  atmosphere  on  either  of  the  Magde- 
burg Hemispheres  is  half  the  ' '  whole  pressure ' '  on  the  hemisphere. 

5.  Describe  an  experiment  to  prove  that  the  pressure  of  the  atmo- 
sphere is  measured  by  the  height  of  a  barometer  column. 

6.  Explain  the  construction  of  a  barometer,  what  it  measures,  and 
how  it  measTu-es  it. 

Need  the  bore  of  a  barometer  tube  be  imiform  ?     Give  reasons 
for  your  answer. 

7.  If  the  atmospheric  pressure  at  the  siu-facc  of  the  earth  be 
14 2  lbs.  per  tquare  inch,  find  the  height  of  the  water  barometer  in 
feet. 

8.  Calculate  the  air  pressiues  wheu  the  mercui-iul  barometer  stands 
at  27  ins.  and  at  30  5  ins.,  assuming  that  a  cubic  foot  of  water  weighs 
62-5  lbs. 
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9.  If  the  height  of  the  water  barometer  is  34  ft.,  and  that  of  the 
mercurial  barometer  is  30  ins.,  show  that  the  specific  gravity  of 
mercury  is  13-6. 

10.  If  the  specific  gravity  of  mercury  be  13-5  and  that  of  glycerine 
be  1-255,  what  reading  of  a  mercurial  barometer  corresponds  to  a 
reading  of  320  ins.  on  a  glycerine  barometer  ? 

11.  Translate  pressure  measured  in  terms  of  the  height  of  a  baro- 
meter mercury  coltmm  (say,  either  27  ins.  or  60  cm.)  into  absolute 
{i.e.,  dynamical)  imits  of  pressure. 

12.  rind  the  absolute  pressure  on  a  bottle  of  air  immersed  in  sea 
water  to  a  depth  of  50  metres,  the  density  of  sea  water  being  1-027, 
and  the  value  of  (/  being  980  (cm./sec.-),  and  compare  this  pressure 
with  that  of  the  atmosphere,  the  barometer  standing  at  76  cm. 

13.  If  the  diameters  of  the  two  branches  of  a  siphon  barometer  are 
equal,  show  how  to  graduate  (i.)  the  upper,  (ii.)  the  lower,  branch  to 
indicate  inches  of  barometric  height. 

14.  The  section  of  the  closed  limb  of  a  siphon  barometer  is  to  that 
of  the  open  limb  as  3  to  17.  The  merciu-y  rises  1-275  ins.  in  the 
closed  branch.  What  change  takes  place  in  the  mercury  of  an 
ordinary  barometer  ? 

15.  A  siphon  barometer  is  so  constructed  that  the  long  closed  tube 
has  an  internal  sectional  area  equal  to  I  sq.  in.,  while  the  short  opou 
tube  has  an  internal  sectional  area  equal  to  ^  sq.  in.  Find  what  fall 
wiU  take  place  in  the  long  tube  of  this  barometer  when  the  true 
pressure  of  the  air  falls  1  in. 

16.  What  would  be  the  height  of  a  column  of  air  of  uniform  density 
1-2  oz.  per  cubic  foot  which  would  produce  a  pressure  equal  to  that 
of  the  atmosphere  ? 

17.  A  body  floats  in  water  contained  in  a  vessel  placed  under  an 
exhausted  receiver  with  half  its  volume  immersed.  Air  is  then 
forced  into  the  receiver  tiU  its  density  is  80  times  that  of  air  at 
atmospheric  pressure.  Show  that  the  volume  immersed  in  water 
will  then  be  foTU"-ninths  of  the  whole  volume,  assuming  the  specific 
gravity  of  air  at  atmospheric  pressure  to  be  -00125. 
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BOYLE'S  LAW. 

150.  From  the  fundamental  properties  by  which  gases 
are  defined  it  appears  that  the  volume  of  a  given  quantity 
of  gas  becomes  less  as  the  pressure  to  which  it  is  subjected 
becomes  greater,  and  vice  vn-sd.  The  relation  which 
exists  between  the  volume  and  pressure  of  a  gas  at  any 
given  temperature  was  discovered  by  Robert  Boyle,  of 
Lismore,  Ireland  (1662),  and  by  Mariotte,  in  Finance 
(1679).  This  relation,  which  is  known  in  England  as 
Boyle's  Law,  and  in  France  as  Mariotte's  Law,  is  usually 
stated  thus : 

151.  BOYLE'S  LAW.  —  The  volnme  of  a  given 
mass  of  gas  is  inversely  proportional  to  the  pressure 
when  the  temperature  is  kept  constant. 

Thus,  let  p  be  the  pressure  of  a  gas  occupying  the  volume  v  ; 
Then  at  pressure  2p  the  volume  of  the  gas  will  be  \v, 
n  />         3i?         ,,  ,,  „       \i\ 

>»  »»         2P         "  j»  »»       ^^\ 

pin        „  ,,  „       nv, 

and  so  on.     Since 

pv  =  2px  |t'  =  Spy.  Ir  =  hp  X.  2v  =  pfu  x  «v, 
it  follows  that 

The  product  of  the  pressure  into  the  volume  of  a  given  mas<^ 
of  gas  at  constant  temperature  is  constant. 

For  let  V  be  the  volume  of  the  gas  when  the  pressure 
is  p,  V  its  volume  when  the  pressure  is  P,  the  tempei^a- 
ture  being  the  same  in  both  cases.  Boyle's  Law  states 
that  P,  'p  are  invei-sely  proportional  to  F,  v,  that  is, 

1 

Z  =  Z  =  JL 
p     j_     r' 
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or,  clearing  of  fractions,  we  may  state  Boyle's  Law  in 
symbols  thus, 

rrz=pv (1). 

The  following  alternative  statement  of  Boyle's  Law  is 
important : 

152.  The    pressure  in  a  given  kind  of   gas  at  a 
given  temperature  is  proportional  to  its  density. 

For,  if  m  be  the  mass  of  the  gas,  d,  D  its  densities  when 
its  volumes  are  v,  V,  then,  by  §  14, 


D  = 

711 

d- 

on 

V 

whence. 

by  Boyle' 

s  Law 

1 
1 

m 

P  ^ 

V 

_F^ 

D 

P 

1^  ~ 

V 

V 

"T' 

or 

P 

\p- 

■n  : 

d      

(2). 

Note. — Tltis  last  relation  is  true  ivh  ether  the  mass  of  gas  is  the  same  or 
different  in  the  two  cases,  provided  that  it  is  the  same  kind  of  gas  at  the 
same  temperature. 

Examples. — (1)  A  mass  of  air  at  atmospheric  pressure  occupies 
44  cub.  ins.  To  find  the  pressure  when  the  volume  is  reduced  to 
24  cub.  ins.,  taking  an  atmosphere  as  15  lbs.  per  square  inch. 

Let  p  be  the  required  pressure  in  pounds  per  square  inch.     Then, 

by  Boyle's  Law,  jt?  x  24  =  44  x  15, 

44x15       11x5       oTnu  •     i. 

p  =  — ^ = =  27^  lbs.  per  sqiiare  mch. 

(2)  To  compare  the  weights  of  a  cubic  foot  of  air  when  the  baro- 
meter stands  at  29  and  30  ins. 

Since  the  densities  are  proportional  to  the  pressures,  and  these  are 
proportional  to  the  heights  of  the  barometer,  the  required  weights  are 
in  the  proportion  of  29  :  30. 

(3)  A  vessel  containing  2  litres  of  air  at  a  pressure  of  ^-  atmosphere 
is  put  into  communication  with  another  vessel  containing  3  litres  of 
air  at  a  pressure  of  3  atmospheres.  To  find  the  subsequent  pressure 
of  the  air  in  the  two  vessels. 

If  the  pressure  in  each  mass  of  air  were  changed  to  1  atmosphere,  the 
air  in  the  fixst  vessel  would  occupy  2  x  ^  litres  =  1  Htre,  and  that  in 


boyle's  law. 


155 


the  second  3x3  litres  =  9  litres.  The  total  mass  of  air  would  there- 
fore occupy  10  litres  at  atmospheric  pressure.  But  it  has  to  occupy 
2  +  3  litres  =  5  litres  (the  sum  of  the  volumes  of  the  vessels) .  Since 
the  volume  is  thus  lialved  ;  the  pressure  is  doubled,  therefore  the 
required  pressure  is  2  atmospheres. 

(4)  A  bubble  of  air  rises  from  the  bottom  of  a  lake,  and  its 
diameter  has  doubled  when  it  reaches  the  surface.  To  find  the  depth 
of  the  lake. 

The  volume  of  a  sphere  is  proportional  to  the  cube  of  its  diameter 
[•.•  vol.  =  ^TTj-s  =  ^^  (diam.)^]. 

.".  vol.  at  surface  =  8  times  vol.  at  bottom. 
Therefore,  by  Boyle's  Law, 

pressiu'e  at  surface  =  i  pressure  at  bottom, 

.'.  pressure  at  bottom  =  8  atmospheres. 

Now,  taking  the  height  of  the  water  barometer  as  34  ft.,  the  pressure 

increases  1  atmosphere  for  every  34  ft.  descended.  But  the  difference 

of  pressiu'e  at  the  top  and  bottom  is  8  —  1 ,  or  7  atmospheres. 

.  •.     required  depth  of  lake  -  34  x  7  =  238  ft. 

153.  To  verify  Boyle's  Law  experi- 
meutally  for  pressures  greater  than 
that  of  the  atmosphere.  —  A  piece  of 
apparatus  called  Boyle's  Tuhe  is  generally 
used  (Fig.  57).  This  is  a  U-tube  with  very 
unequal  branches,  the  longer  arm  being 
sometimes  as  much  as  6  ft.  long.  A  scale  of 
inches  or  millimetres  is  attached  to  each 
branch.  A  little  mercury  is  poured  into 
the  bend  until  it  reaches  the  point  marked 
zero  on  the  two  scales.  The  air  in  either 
branch  being  at  atmospheric  pressure,  the 
shorter  branch'  is  now  closed  with  a  tiglitly 
fitting  screw  cap,  the  length  of  the  enclosed 
column  of  air  being  measured  on  the  scale. 
More  mercury  is  then  poured  into  the  long 
branch,  and,  as  its  level  rises,  the  increase 
of  pressure  diminishes  the  volume  of  the 
air  in  the  closed  branch.  By  measuring 
the  length  of  the  column  of  enclosed  air 
and  the  difference  of  level  of  the  mercury  in 
the  two  branches,  the  pressure  and  volume 
of  this  air  can  be  found,  and,  by  making  a 


Fig.  57. 
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number  of  such  experiments,  the  relation  connecting  them 
may  be  verified. 

Thus,  suppose  the  mercurypoured  in  until  the  length  of  the  air  column 
AP  (Fig.  58)  is  half  what  it  was  when  the  end  A  was  closed.  Then 
O'Q  —  OP,  the  difference  of  height  of  the  mercury  in  the  two  branches, 
will  be  observed  to  be  equal  to  the  height  of  the  mercurial  barometer 
(about  30  ins.). 

Now  the  pressure  due  to  this  column  of  mercury  is 
equal  to  1  atmosphere.  But  the  surface  Q  is  at 
atmospheric  pressure.  Hence  the  total  pressure  of 
the  air  at  P  is  2  atmospheres,  or  double  what  it 
was  originally. 

Hence,  if  the  volume  of  the  air  be  halved,  the 
pressure  is  doubled. 

Again,  when  the  air  in  the  short  branch  occupies 
one-third  of  its  original  volume,  O'Q  —  OP,  the 
difference  of  level  will  be  observed  to  be  twice  the 
height  of  the  merciuial  barometer.  This  column 
produces  a  pressure  of  2  atmospheres,  and  the 
surface  Q  is  at  atmospheric  pressure ;  hence  the 
total  pressure  at  P  is  3  atmospheres. 

Hence,  if  the  volume  be  reduced  to  one-third,  the 
pressure  is  trebled,  and  so  on.  Fig.  58. 

Thus  Boyle's  Law  is  verified. 


Example. — The  shorter  branch  of  Boyle's  tube  is  closed  when  it 
contains  a  coliman  of  air  10  cm.  long.  To  find  how  much  mercury 
must  be  poured  into  the  longer  branch  to  raise  the  level  in  the 
shorter  branch  by  2  cm.,  the  height  of  the  barometer  being  76  cm. 

The  length  of  the  air  column  is  reduced  from  10  to  8  cm.  Hence 
its  new  volume  is  ^  of  its  original  volume. 

.".  the  pressure  is  f  atmosphere. 

.-.  the  difference  of  level  in  the  two  branches  corresponds  to  a 
pressure  of  \  atmosphere,  and  is  therefore  76  x  \  cm.  =  19  cm. 

But  the  level  in  the  shorter  branch  has  risen  2  cm. 

.  * .  the  level  in  the  longer  branch  must  have  risen  19  +  2  cm.  =  21  cm. 

.*.  the  quantity  of  mercury  poured  in  must  be  sufficient  to  fill 
21  +  2  cm.  or  23  cm. 
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154.  To    verify   Boyle's   Law  for  pressures  less 
than  that  of  the   atmosphere. — The  most  convenient 


apparatus  consists  of  a  glass  tube  rather  over 
30  ins.  long  furnished  with  a  screw-cap  A 
(Fig.  59)  and  a  cylindrical  jar  of  the  same 
height  filled  with  mercury.  The  tube  is 
lowered  into  the  jar  of  mercury,  leaving  a 
length  AO  projecting,  and  the  upper  end  A 
is  closed  with  the  cap,  the  air  thus  enclosed 
in  the  tube  being  at  atmospheric  pressure. 
The  length  AO  is  measured  on  a  scale  of 
inches  or  millimetres  which  may  conveniently 
be  engraved  on  the  tube.  On  the  tube  being- 
raised,  the  mercury  rises  above  the  outside 
level,  as  at  P,  but  the  reduction  of  pressure 
causes  the  air  column  to  expand  from  AO 
to  AP  and  occupy  a  greater  length  of  tube 
than  before.  By  measuring  the  heights  AP, 
PQ,  the  volume  and  pressui-e  of  the  enclosed 
air  can  be  found  and  the  relation  connecting 
them  verified. 


€s^ 
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Thus,  when  the  air  column  y4P  occupies  double  its  original  length  AO, 
the  height  of  the  mercury  column  PQ  is  observed  to  be  \II,  where  H 
is  the  height  of  the  mercurial  barometer.  Hence  the  difference  of  the 
pressures  at  P,  Q  is  ^  an  atmosphere,  and  therefore  the  pressm-e  at 
P  is  1  -  ^  atmosphere,  or  \  an  atmosphere,  or  half  the  original 
pressure  of  the  air. 

Hence,  if  the  volume  be  doubled,  the  pressure  is  halved,  in  accordance 
with  Boyle's  Law. 

When  the  air  column  AP  occupies  three  times  its  original  length, 
JBoi/le^s  Laiv  requires  that  the  pressure  at  P  =  -^  atmosphere,  whence 
the  difference  of  pressures  at  P,  ^  =  f  atmosphere  and  therefore 
PQ  =  |if. 

In  actual  experiments  the  height  PQ  is  then  observed  to  be  exactly 
f  JT,  thus  confirming  Boyle's  Law. 

Similarly,  when  AP  =  4/40,  Boyle's  Law  requires  that  PQ  =  fjET, 
and  this  also  is  confirmed  by  observation. 

In  like  manner,  Boyle's  Law  may  be  verified  for  a)nj  pressures  lesa 
than  that  of  the  atmosphere. 
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155.  To  verify  Boyle's  Law  for  any  gas  it  is  only 

necessary  to  substitute  that  gas  for  air  in  tlie  closed  end 
of  the  U-tube  of  §  153,  or  in  the  barometer  tube  of  §  154. 

^  *156.  Effect  of  Temperature. — Charles'  Law. — In  the  above 
experiments,  care  must  be  taken  to  keep  the  temperature  of  the  gas  constant. 
For  this  reason  it  is  sometimes  a  good  plan  to  keep  the  U-tube  or  the 
mercury  jar  immersed  in  a  large  vessel  of  water  which  is  constantly 
stirred  so  as  to  maintain  a  uniform  temperature. 

A  rise  of  temperature  will  cause  a  gas  to  expand  even  if  its  pressure 
is  unaltered.  The  relation  established  by  experiment  between  the 
volume  and  temperature  at  constant  pressure  is  known  as  Cliarles' 
Law,  and  may  be  conveniently  stated  thus — 

When  the  pressure  of  a  gfas  is  kept  constant,  the 
volume  is  proportional  to  273+^»  where  t  is  the  Centi* 
grade  temperature. 

Combining  tins  with  Boyle's  Law,  it  may  be  shown  that,  if  the  pressure,  volume, 
and  Centigrade  temperature  of  a  gas  change  from  p,  v,  t  to  P,  V,  T,  then 

273+«      273+ r  FV      ^.l+T* 

The  quantity  273+ «  is  called  the  absolute  ter^'rahire  ;  the  temperature 
—  2733  C.  being  called  the  absolute  zero.* 

Hence  the  product  of  the  pressure  and  volume  of  a  given  mass  of  gas  is  proportional 
to  the  absohite  temperature. 

*157.  Limits  of  Boyle's  Law. — From  experiments  such  as 
those  described  above,  Boyle's  Law  may  be  proved  to  be  a  vert/ 
approximate  statement  of  the  relation  between  the  pressiure  and  the 
volume  of  air  or  other  gases  when  the  pressui-e  is  not  very  great.  But 
more  accurate  observations  show  that  in  no  gas  is  the  pressure  exactly 
proportional  to  the  density. 

The  divergence  from  Boyle's  Law  in  most  gases  is  too  small  to  be 
of  any  practical  importance,  and  is  therefore  commonly  neglected 
except  when  the  pressure  approaches  the  amount  required  to  cause 
hquefaction.  When,  however,  air  is  saturated  with  the  vapour  of 
water,  an  increase  of  pressure  produces  condensation,  and  Boyle's 
Law  no  longer  holds  good. 

A  perfect  gas  is  defined  as  an  ideal  substance  which  always  obeys 
Boyle's  Law.     Like  a  perfect  fluid,  no  such  substance  really  exists. 

In  numerical  calculations  and  problems,  it  is  always 
assumed  that  gases  obey  Boyle's  Law  and  that  their  tempera- 
tures remain  constant  unless  the  contrary  is  specified. 

*  For  further  details,  see  Stewart's  Text-Book  of  Heat,  Chap.  V. 
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158.  Application  of  Boyle's  Law  to  the  faulty 
Barometer.  —  When  a  little  air  has  got  into  the  end  of  a 
barometer  tube  it  expands  and  depresses  the  mercuiy. 
As  the  mercury  rises  and  falls  this  aii'  obeys  Boyle's  Law, 
and  hence  the  relation  betw^een  the  readings  and  those  of 
a  perfect  barometer  may  be  found,  as  in  the  following 
example,  which  may  be  taken  as  typical. 

Example. — A  faulty  barometer  reads  28  ins.  and  30  ins.  when  a  true 
barometer  reads  28^  ins.  and  31  ins.  respectively.  To  find  (i.)  the 
whole  length  of  the  tube  of  the  faulty  barometer,  (ii,)  the  true  read- 
ing when  the  faulty  barometer  stands  at  29  ins. 

(i.)  Let  I  be  the  length  of  the  tube.  Then  at  the  first  observation, 
the  air  in  the  upper  end  occupies  a  space  /— 28  ins.,  and  is  luider  a 
pressure  28^  —  28  ins.  of  mercury  (the  difference  of  height  of  the  two 
barometers).  At  the  second  the  air  occupies  ^—30  ios.,  im.der  pressure 
31  —  30  ins.     Therefore,  by  Boyle's  Law  [PV  =  pv) , 

(^-28)  X  i  =  (/-30)  X  1,  whence  ^  =  32  ins. 

(ii.)  Hence  at  the  first  observation,  the  air  occupied  32  —  28  ins.  at  a 
pressure  of  |  in.  When  the  faulty  barometer  reads  29  ins.,  this  air 
occupies  32  —  29  ins.  ;  tii6^efore,  if  ^  be  its  pressure  in  laches,  Boyle's 
Law  gives 

j3  X  3  =  ^  X  4,     whence  p  =  %. 

Therefore  the  true  barometer  reading  is  f  in.  higher,  or  29|  ins. 


159.  Determination  of  Heights  by  the  Barometer. — 

Since  the  pressure  of  the  atmosphere  is  due  to  the  weight 
of  the  superincumbent  air,  it  increases  with  the  depth,  as 
is  evident  from  Chap.  X.  When  therefore  we  ascend  a 
few  hundred  feet,  the  weight  of  the  column  of  air  tra- 
versed makes  a  perceptible  difference  in  the  pressui'e  and 
the  barometer  reading  is  perceptibly  lower  at  the  top 
than  at  the  bottom  of  the  column.  If,  then,  we  know  the 
difference  of  atmospheric  pressure  at  the  top  and  bottom 
of  a  mountain,  and  also  the  density  of  the  air,  we  can  find 
the  height  of  the  mountain. 

Conversely,  to  fnd  the  density  of  atmospheric  air,  it  is  only  necessary 
to  observe  the  difference  of  pressure  at  the  top  and  bottom  of  a  tower 
or  hni  whose  height  is  known.  [This  is  an  alternative  to  the 
method  of  §  130,] 
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Example. — To  find  the  height  of  a  hill  if  the  barometer  readings  at 
the  top  and  bottom  differ  by  J^  in.,  the  densities  of  air  and 
mercuiy  being  -001  and  13-6. 

Here  density  of  mercury  =  13,600  x  density  of  air. 

Hence  difference  of  pressure  due  to  -1  in.  of  mercury  =  pressui'o 
due  to  a  column  of  air  of  13,600  x  -1  ins. 

.-.     height  of  hiU  =  1360  ins.  =  113  Jft. 

160.  Since,  by  Boyle's  Law,  the  density  of  air  is  pro- 
portional to  its  pressure,  this  density  decreases  as  we 
ascend,  and  hence  the  reduction  of  pressure  is  not  strictly 
proportional  to  the  height  risen  unless  this  height  be 
small. 

Thus,  when  we  ascend  1000ft.,  the  pressure,  and  therefore  the 
density,  of  the  air  decreases.  The  density  of  the  second  1000  ft.  is 
therefore  less  than  that  of  the  first ;  therefore  the  reduction  of  pressure 
in  the  second  1000  ft.  is  also  less  than  in  the  first  1000  ft.  Hence,  if 
a  barometer  is  carried  up  2000  ft. ,  the  mercury  falls  loss  than  twice  as 
much  as  in  the  first  1000  ft.  Similarly  for  each  rise  of  100  ft.,  the 
fall  of  the  barometer  is  rather  less  than  for  the  preceding  100  ft. 

[Since  the  density  of  the  air  depends  also  on  the  temperature,  this  also  must  be 
observed  in  determining  heiglits  by  the  barometer ;  unless  the  temperature  of  the 
air  column  is  the  same  throughout,  the  calculation  is  one  of  considerable  difficulty. 

*161.  Specific  Gravities  of  Gases. — ^The  specific  gravity  of  a  gas 
is  independent  of  the  pressure,  provided  that  the  standard  substance  is 
another  gas  at  the  same  pressure.  Thus,  if  a  cubic  foot  of  air  and  a 
cubic  foot  of  hydrogen  at  the  same  pressure  are  weighed,  and  if  the 
pressure  is  then  doubled,  the  volumes  of  air  and  hydrogen  will  each 
be  ^  cub.  ft.,  and  will  therefore  be  equal.  Hence  the  ratio  of  the 
weights  of  equal  volumes  of  two  gases  is  independent  of  the  pressure 
provided  that  this  is  the  same  for  both  gases. 

[By  Charles'  Law,  the  ratio  of  the  weights  of  equal  volumes  of  two  gases  at 
the  same  tmijMirature  and  pre^ssu're  may  be  shown  to  be  independent  also  of  the 
temperature] 
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Summary. 

1,  Bo^/Ws  Law  {or  Mariotte's  Laiv). — The  volume  of  a  given  mass  of 
a  given  gas  at  constant  temperature  is  inversely  proportional  to  the 
pressure. 

Hence  the  density  of  a  given  gas  at  constant  temperature  is 
proportional  to  the  pressure. 

Taking  the  kind  of  gas  and  the  temperature  to  be  the  same  in  the 
two  cases  considered,  we  have 

FV^pv (1)      and      P/p  =  D/d (2), 

where  the  mass  of  gas  must  be  kept  the  same  in  (1),  but  not  neces- 
sarily in  (2) . 

[*  The  relations  are  also  written  tluis  (where  a  means  "varies  as"): — 
pv  =  const.,     p  oc.  -  ,    p  =  dx  const.,    p  a  rf. 

V 

2.  If  the  temperature  varies,  Charles'  Laiv  asserts  that  v  is  proportional  to 
2T3 1 1,  with  p  constant,  and  therefore  generally 

pv/PV  =  (273  +  0/(273 + T)    or    pv  a  273 + 1, 
where  t,  T    are  Centigrade  temperatures, 

273  +  ^,  273  + Tare     absolute    temperatures.] 

3.  For  pressures  greater  than  an  atmosphere,  BoyL's  Law  is  verified 
by  means  of  BoyWs  Tube  of  §  153  (U-tube  with  air  or  gas  in  shorter 
closed  branch}. 

4.  For  pressures  less  than  an  atmosphere,  a  barometer  tube  and  jar 
of  mercury  are  used  (see  §  154). 

5.  I'he  air  in  a  faulty  barometer  obeys  Boyle's  Law. 

6.  Heights  may  be  measured  by  the  barometer  if  the  densities  of  the 
intervening  strata  of  air  be  known. 

EXAMPLES  XV. 

[The  data  given  on  page  149  are  assumed.] 

1 .  A  wide-mouthed  bottle  full  of  air  is  closed  with  a  well-ground 
glass  stopper,  5  cm.  in  diameter,  when  the  barometer  stands  at 
772  mm.  What  weight  must  the  stopper  have  in  order  that  it  may 
be  just  blown  out  if  the  barometer  goes  down  to  730,  the  temperattire 
remaining  the  same  ? 

2.  In  a  tube  of  uniform  bore  a  quantity  of  air  is  enclosed.  What 
wall  be  the  length  of  this  colunm  of  air  under  a  pressxire  of  3  atmo- 
spheres, and  what  under  a  pressure  of  \  atmosphere,  its  length  under 
the  pressure  of  a  single  atmosphere  being  12  ins.  ? 

3.  If  a  vessel  of  3  cub.  ft.  capacity,  containing  air  at  a  pressure 
of  2   atmospheres,    is  put  into    communication    with    a    vessel    of 

HYDRO.  y. 
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18  cub.  ft.  capacity,  containing  air  at  a  pressure  of  \  atmosphere, 
what  will  bo  the  pressure  of  the  air  in  the  two  vessels  ?  State  the 
principle  or  law  on  which  the  solution  of  this  question  depends. 

4.  What  do  you  know  about  the  density  of  gases  in  relation  to 
temperature  and  pressure  ?  Describe  experiments  which  show  that 
the  density  of  a  gas  at  constant  temperature  is  proportional  to  its 
pressure. 

5.  A  Mariotte's  tube  has  a  unifonn  section  of  1  sq.  in.,  and  is 
graduated  in  inches ;  6  cub.  ins.  of  air  are  enclosed  in  the  shorter  (closed) 
limb,  when  the  mercury  is  at  the  same  level  in  both  tubes.  What 
volume  of  mercury  must  be  poured  into  the  longer  limb  in  order  to 
compress  the  air  into  2  ins.  ? 

6.  Mercury  is  poured  into  a  unifonn  bent  tube,  open  at  both  ends, 
and  having  its  two  branches  vertical.  One  end  is  closed,  its  height 
above  the  mercmy  being  4  ins.  How  much  merciiry  must  be  povu'ed  into 
the  open  end  so  that  the  mercury  may  rise  1  in.  in  the  closed  branch? 

7.  The  height  of  the  coliunn  of  merciuy  in  the  open  branch  of  an 
eudiometer  is  12  ins.  above  that  of  the  column  in  the  closed  branch, 
and  the  air  in  the  closed  branch  occupies  a  length  of  4  ins.  How 
much  mercury  must  be  poured  into  the  open  branch  in  order  to 
compress  the  air  to  half  its  volume  ? 

8.  A  uniform  tube  closed  at  top,  open  at  bottom,  is  plunged  into 
mercury,  so  that  it  contains  25  c.c.  of  gas  at  atmospheric  pressure  of 
76  cm.  ;  the  tube  is  now  raised  until  the  gas  occupies  50  c.c.  How 
much  has  it  been  raised  ? 

9.  A  straight  uniform  tube  closed  at  one  end,  whose  length  is  2//, 
has  the  open  end  just  immersed  in  a  basin  of  mercmy.  If  the  tube 
contain  a  quantity  of  air  which  under  atmospheric  pressure  would 
occupy  a  length  of  the  tube  equal  to  ^/i,  show  that  the  mercury  will 
rise  in  the  tube  to  a  height  equal  to  ^h,  h  being  the  height  of  the 
mercurial  barometer  at  the  time  of  the  experiment. 

10.  A  cylindrical  vessel,  closed  at  one  end  only,  is  20  cm.  tall,  and 
its  open  end  is  immersed  in  mercury  until  the  interior  level  is  5  cm. 
below  that  of  the  general  level  of  the  liquid  outside.  The  barometric 
height  being  75  cm.,  calculate  how  far  the  mercury  has  risen  into  the 
Vessel,  or  how  deep  the  lip  of  the  vessel  has  been  submerged. 
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11.  A  bubble  of  air  whose  volume  is  '004  c.c.  is  dislodged  from 
the  bottom  of  a  lake  51  ft.  deep,  and  rises  to  the  surface.  What  is 
its  volume  when  it  reaches  the  surface  ? 

12.  A  bubble  of  air  whose  volume  is  -0004  cub.  in.  is  formed  at 
the  bottom  of  a  pond  17  ft.  deep.  What  will  be  its  volimie  when  it 
reaches  the  surface  ? 

13.  A  bubble  of  air  -J^j  in.  in  diameter  starts  from  the  bottom  of 
the  Atlantic  at  a  depth  of  2  miles.  Find  its  size  on  reaching  the 
surface. 

14.  A  bubble  of  air  whose  volume  is  0028  cub.  in.  is  formed  at 
the  bottom  of  a  pond ;  on  reaching  the  surface  its  volume  is 
•004  cub.  in.     What  is  the  depth  of  the  pond  ? 

15.  Why  does  a  small  weight  of  air  introduced  into  the  upper  park 
of  the  tube  depress  the  mercury  considerably,  whereas  a  small  piece 
of  iron  floating  on  the  mercury  does  not  depress  it  ? 

16.  A  mercury  barometer,  whose  cross  section  is  1  sq.  cm.,  stands 
at  76  cm. ,  and  the  length  of  the  vacuum  above  the  column  of  mercury 
is  3  cm.  How  much  air  at  ordinary  atmospheric  pressure  must  be 
introduced  into  the  tube  in  order  to  depress  the  mercury  16  em.  ? 

17.  The  readings  of  a  true  barometer  and  of  a  barometer  which 
contains  a  small  quantity  of  air  in  the  upper  portion  of  the  tube  are 
respectively  30  and  28  ins.     When  both  barometers  are  placed  under 

the  receiver  of  an  air-pumx3  from  Avhich  the  air  is  partially  exhausted,      "^^ 
the  readings  are  observed  to  be  15  and  14- 6  ins.  respectively.     Show 
that  the  length  of  the  tube  of  the  faulty  barometer,  measored  from 
the  surface  of  the  merciu^y  in  the  basin,  is  31-35  ins. 

18.  When  the  reading  of  the  true  barometer  is  30  ins.,  the  reading 
of  a  barometer  the  tube  of  which  contains  a  small  quantity  of  air, 
and  whose  height  above  the  surface  of  the  mercury  in  which  it  is 
immersed  is  31^  ins.,  is  28  ins.  If  the  reading  of  the  true  barometer 
fall  to  29  ins.,  show  tha4;  the  reading  of  the  faulty  barometer  will  be 
27|  insr 

19.  A  barometer  reads  30  ins.  at  the  base  of  a  tower,  and  29-8  ins. 
at  the  top,  180  ft.  above.  Find  the  average  mass  of  a  cubic  foot  of 
air  in  the  tower,  taking  the  specific  gravity  of  mercury  as  13-5,  and 
the  mass  of  a  cubic  foot  of  water  as  62  4  lbs. 


c^ 
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20.  Find  the  height  between  two  stations,  having  given  the 
following  data : — 

Density  of  mercury,  13-6  gm.  per  cubic  centimetre  ; 

Mean  density  of  air  between  the  two  stations,  '00121  gm.  per 

cubic  centimentre  ; 
Height  of  barometer  at  lower  station,  785  mm.  ; 
Height  of  barometer  at  upper  station,  630  mm. 

21 .  A  balloon  is  filled  with  a  gas  whose  specific  gravity  is  one -tenth 
of  that  of  kir  at  the  pressure  of  760  mm.  of  mercury  at  0°C.  Compare 
the  lifting  power  of  the  balloon  in  air  when  the  height  of  the 
barometer  is  750  mm.  with  its  lifting  power  when  the  barometer 
stands  at  760  mm.  The  temperature  in  both  cases  is  0°C.,  and  the 
volume  of  the  balloon  is  supposed  to  remain  unaltered. 

22.  If  a  body  be  suspended  by  an  elastic  string,  explain  how  the 
length  of  the  string  will  be  affected  by  a  rise  in  the  barometer. 

23.  A  cube  floats  in  distilled  water  under  the  pressure  of  the 
atmosphere  with  four-fifths  of  its  volume  immersed  and  with  two  of 
its  faces  horizontal.  When  it  is  placed  under  a  condenser  where  the 
pressure  is  that  of  10  atmospheres,  find  the  alteration  in  the  depth 
of  immersion  (the  specific  gravity  of  air  at  the  atmospheric  pressure 
being  -0013). 

*24.  State  the  law  connecting  the  pressure,  volum^,  and  absolute 
temperature  of  a  gas. 

A  mass  of  air  imder  a  given  pressure  occupies  24  cub.  ins.  at 
the  temperature  of  39°  C.  If  the  pressure  be  diminished  in  the 
ratio  of  3  :  4,  and  the  temperature  raised  to  78°  C,  show  that 
the  volume  of  the  air  will  be  36  cub.  ins. 

*25  A  mass  of  air  under  given  pressu'-e  occupies  44  cub  ins.  at  a 
temperature  of  13^0.  If  the  volume  of  the  air  be  reduced  to 
24  cub.  ins.,  and  the  temperature  raised  to  39° C,  show  that  the 
pressure  will  be  doubled. 

26.  A  retort  of  3  litres  capacity,  and  with  its  open  end  submerged 
3 '4  cm.  below  the  surface  of  water  in  a  trough,  is  seen  to  be 
completely  full  of  air  on  a  certain  day.  Next  day  the  mercury 
barometer  is  observed  to  have  fallen  from  76  to  74  cm.,  withoiit  any 
change  of  temperature.  How  much  of  the  air  originally  in  the 
retort  has  by  that  time  bubbled  out? 
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EXAMINATION  PAPER  VII. 

1.  Describe  the  mercurial  barometer,  and  show  that  it  measures 
accurately  the  pressure  of  the  atmosphere. 

2.  A  bottle  when  full  of  air  weighs  3-544  gm.,  when  full  of  water 
it  weighs  103-425  gm.,  and  when  full  of  alcohol  (specific  gravity 
=  -835)  it  weighs  86  925  gm.     Calculate  the  specific  gravity  of  air. 

3.  A  barometer  reads  761  mm.  at  the  base  of  a  tower,  and  754  mm. 
at  the  top,  75  metres  above.  Find  the  average  mass  of  a  cubic  metre 
of  air  in  the  tower,  taking  the  specific  gravity  of  mercury  as  13-5. 

4.  Enunciate  Boyle's  Law. 

5.  If  the  specific  gravity  of  air  is  -001,  calculate  the  weight  of  the 
air  that  escapes  from  a  room  20  ft.  long,  25  ft.  wide,  and  10  ft.  high, 
on  the  barometer  falling  from  31  ins.  to  30  ins. 

6.  100  cub.  ins.  of  air,  at  a  pressure  of  15  lbs.  to  the  square  inch, 
are  pumped  into  a  chamber  already  containing  50  cub.  ins.  of  air  at 
a  pressm-e  of  10  lbs.  to  the  square  inch.  What  is  the  pressure  of  the 
mixture  ? 

7.  Explain  the  use  and  action  of  the  vent-peg. 

8.  A  bubble  of  air,  -^  cub.  in.,  rises  from  the  bottom  of  a  lake  at  a 
point  where  it  is  200  ft.  deep.  On  reaching  the  surface,  its  volume 
is  -35147  cub.  in.     Find  the  specific  gravity  of  the  water  of  the  lake. 

9.  A  mercurial  barometer  34  ins.  long  stands  at  30  ins. ;  ^  cub.  in. 
of  external  air  is  introduced,  and  the  mercury  drops  4  ins.  What  is 
the  sectional  area  of  the  barometer  ? 

10.  In  a  siphon  barometer  the  sectional  area  of  the  open  end  is 
3^  times  that  of  the  closed  end.  A  fall  of  |  in.  takes  place  in  it. 
What  fall  occurs  at  the  same  time  in  an  ordinary  barometer  ? 
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We  shall  now  describe  certain  simple  apparatus 
depending  on  the  principles  proved  in  the  foregoing 
chapters,  leaving  more  complicated  contrivances,  such  as 
pumps,  to  be  treated  in  the  two  following  chaptei^. 

162.  Hare's  Hydrometer  is  a  kind  of  inverted  U  tube 
for  comparing  the  specific  gravities  of 
two  liquids.  The  lower  ends  of  the  two 
branches  are  immersed  in  the  liquids,  and 
part  of  the  air  is  drawn  out  of  the  upper 
part  of  the  tube  by  means  of  an  air  pump 
or  otherwise.  The  atmospheHc  pressure 
outside  the  tubes  causes  the  liquids  to  rise 
to  heights  which  are  inversely  proportional 
to  their  densities. 

For,  if  XV,  TFhe  the  wts.  per  unit  vol.  of  the  liquid 
columns  AP,  BQ,  we  have 
pressure  of  atmosphere  —  pressure  in  tube  PCQ 
=  iv.AP=  1F.BQ; 
.-.    AP:  BQ  =  W:w. 


Fig.  60. 


Hence  by  measuring  AP,  BQ  the  specific  gravities  of 
the  liquids  may  be  compared. 

163.  The  Siphon  is  a  bent  tube  with  unequal  arms 
used  for  drawing  off  liquid  from  vessels  or  reservoirs 
which  have  no  outlet  at  the  bottom. 

To  explain  its  action,  suppose  that  the  siphon  has  been 
filled  with  liquid,  both  ends  >4,  D  having  been  temporarily 
closed  with  plugs,  and  that  the  shorter  arm  has  been 
lowered  into  a  vessel  of  the  same  liquid  as  in  Fig.  61. 
Now  let  the  end  A  be  opened,  the  end  D  being  still  closed. 
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Tlien,  if  tlie  lieiglit  PB  is  less  than  the  height  to  which 
the  liquid  would  ascend  in  a  barometer,  the  pressure  of 
the  atmosphere  on  the  surface  P  will  prevent  a  vacuum 
from  forming  in  the  tube,  which  will  therefore  remain 
tilled  with  liquid. 

And  if  Q  be  taken  on  the  longer  ann  on  the  level  of  the 
surface  at  P,  then  (by  connecting  Q  with  P  hj  a,  zigzag  or 
horizontal  and  vertical  lines)  we  may  show  that  the  pres- 
sure at  Q  is  equal  to  that  at  P,  i.e.,  to  the  atmospheric 
pressure.  The  pressure  inside  the  tube  at  D  is  therefore 
gi^eater  than  outside  by  the  amount  due  to  the  column  QD, 
and  this  excess  of  pressui-e  tends  to  force  the  plug  out. 


Fig.  61. 

If,  therefore,  the  plug  be  removed,  the  liquid  will  flow 
out  at  D.  And,  since  no  vacuum  is  formed  in  the  tube, 
the  pressure  of  the  atmosphere  at  P  will  cause  fresh 
liquid  to  rise  in  the  tube  at  A,  thus  producing  a  con- 
tinuous stream. 

Erampic. — To  examine  the  effect  of  making  holes  in  the  siphon  at 
different  points. 

When  the  end  D  in  closed,  the  pressure  in  the  tiibe  at  any  point  H 
in  the  part  PBCQ  above  the  horizontal  line  PQ  is  less  than  the  atmo- 
spheric pressure.  Hence,  if  a  hole  be  made  at  //,  air  will  enter  and 
fill  the  bend  and  will  stop  the  working  of  the  siphon. 

If,  however,  a  hole  be  made  at  K  hclow  Q,  the  remaining  portion 
above  K  will  still  form  a  siphon  through  which  liquid  will  continue  to 
flow,  just  as  it  would  do  if  the  portion  DK  were  altogether  removed. 


[Note. — Experiment  shows  that  in  this  case  bubbles  of  air  are  sncked  in  at  K 
an<l  carried  down  the  tube  KD  with  tlic  liquid.  If  the  arm  QD  is  sufficiently  lorj?, 
it  is  found  that  the  same  thinj,'  ?«"//  liappen  if  a  siiftirientbi  small  hole  is  made 
above  Q,  provUled  ihut  the  siphon  is  in  full  vxtrking  at  tlie  time.) 
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164.  Open-tube  Manometers. — Any  instrument  used 
for  measuring  pressures  of  gases  or  vapours  is  called  a 
manometer  or  pressure-gauge. 

Such  a  gaug-e  may  be  used  to  measure  the  pressure  of  the  steam  in 
the  boiler  of  a  steam  engine,  the  pressure  of  the  air  still  left  in  the 
receiver  of  an  air  pump,  and  so  on. 

In  the  gauges  now  to  be  described,  differences  of  pi^es- 
sure  are  measured  by  the  height  of  a  column  of  mercury 
(or  other  fluid),  just  in  the  same  way  that  the  mercury 
column  of  the  barometer  measures  the  pressure  of  the 
atmosphere. 

165.  The  barometer  gauge  (Fig.  62)  is  a  flask  filled 
with  mercury  from  the  bottom  of  which  rises  a  long  glass 
tube  having  a  scale  of  inches  or  millimetres  attached. 

To  measure  pressures  greater  tlx an  an  atmosphere,  the  upper  end  of  the 
tube  is  left  open  to  the  air,  and  the  flask  communicates  with  the  air 
or  steam  whose  pressure  is  required.  This  pressui'e  forces  up  a 
column  of  mercury  into  the  tube  whose  height  QP  measures  the 
amount  by  which  the  required  pressure  exceeds  that  of  the  atmosphere. 

To  measure  pressures  less  than  an  atmosphere,  the  flask  is  open  to 
the  air  and  the  upper  end  of  the  tube  communicates  with  the  receiver. 
The  height  QP  to  which  the  mercury  rises  in  the  tube  now  measures 
the  amount  by  which  the  pressure  in  the  receiver  is  less  than  that  of 
the  atmosphere.  For  a  perfect  vacuum  the  height  of  the  mercury 
column  is  equal  to  that  of  the  barometer. 

Example. — If  the  barometer  stands  at  30  ins.  when  the  barometer 
gauge  is  at  24  ins.,*  to  find  the  pressure  in  the  receiver. 

The  pressure  is  that  due  to  30  —  24,  or  6  ins.  of  mercury,  and  is 
therefore  ^"^  or  -2  of  an  atmosphere  ; 
i.e.,    15  X  -2,  or  3  lbs.  per  square  inch  approximately. 

166.  The  siphon  gauge  is  a  glass  U-tube  about  half 
full  with  mercury  or  any  other  convenient  liquid.  If  one 
branch  be  connected  with  a  receiver  or  vessel  containing 
gas,  the  other  being  left  open  to  the  air,  the  mercury  will 
fall  in  the  branch  having  the  greater  pressure  aud  rise  in 
the  other,  the  difference  of  level  QP  measuring  the  differ- 
ence of  pressure  in  the  branches  (Fig.  63). 

^  Tliis  is  sometimes  expressed  by  saying  that  the  receiver  has  "a  vacuum  of 
24  ins' 
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If  the  arms  are  of  equal  section,  and  the  mercmy  rises  ^  in.  in  one 
it  will  fall  ^  in.  in  the  other,  indicating  a  difference  of  pressure  of 
1  in. 


r.^ 


-    -Ii 

-0 


Fig.  02.  Fig.  63 
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P 


Fig.  64. 


167.  Tlie  vacuum  gfauge  of  an  air  pump  differs  from  tho 
siphon  gauge  just  described  ((Fig.  63)  in  having  no  air  in  the  end  A 
of  the  tube  which  is  closed.  At  a  certain  stage  of  the  exhaustion  the 
mercury  falls  and  leaves  a  vacuum  in  this  end,  and  its  difference  of 
level  in  the  two  branches  measures  the  pressure  of  the  residual  air  in 
the  receiver.  When  the  vacmun  is  perfect,  the  mercury  stands  at  the 
same  level  in  both  branches. 


168.  Compressed-air  manometers. — The  condenser 
gauge  is  a  narrow  glass  tube  AB  (Fig.  64)  whose  closed 
end  contains  some  air  separated  off  by  the  drop  of  mer- 
cury P.  By  Boyle's  Law,  the  length  ^P  is  invereely 
proportional  to  the  pressure ;  hence  by  measuiing  AP  the 
pressure  of  any  gas  connected  with  the  end  B  can  be  found. 

Thus,  if  0  be  the  position  of  the  drop  when  the  air  is  at  atmo- 
spheric pressure,  then,  under  pressures  of  2,  3,  4  atmospheres,  the 
distances  of  the  drop  from  A  are  ^AO,  ^AO,  ^AO,  respectively. 

169.  Another  form   of  closed-tnbe  manometer  is  a 

siphon  manometer  like  that  represented  in  Fig.  63,  but  ^ath 
the  end  A  closed  and  containing  air  instead  of  being  open. 

When  the  end  B  is  exposed  to  pressure  greater  than 
that  of  the  atmosphere,  the  mercury  falls  at  Q  and  rises 
at  P,  and  by  reading  off  its  height  on  a  scale  the  required 
pressure  at  Q  may  be  found. 

By  Boyle's  Law  the  pressure  at  P  is  inversely  proportional  to  4P, 
and  the  difference  of  pressures  at  P,  Q  is  proportional  to  the  height 
QP.     The  sum  of  these  quantities  gives  the  pressure  at  Q. 
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170.  The  Diving-bell  is  a  large  bell-shaped,  or  nearly 
cylindrical,  vessel,  of  iron,  open  at 
the  bottom,  and  containing  a  plat- 
form and  seats  for  the  persons  inside. 
It  is  lowered  into  the  water  by  a 
chain,  and  is  of  sufficient  weight  to 
sink  even  when  filled  with  air.  As 
the  bell  descends,  the  pressure  of 
the  water  increases  and  compresses 
the  air  in  the  interior.  Hence,  to 
prevent  water  from  rising  into  the 
bell,  and  also  to  enable  the  workmen 
to  breathe,  a  constant  supply  of 
atmospheric  air  is  pumped  into  the 
bell  through  a  tube  from  the  sur- 
face by  means  of  a  condensing  pump  (Chap.  XVIII.), 
the  superfluous  air  overflowing  and  bubbling  out  round 
the  bottom. 

The  pressure  of  the  air  inside  the  bell  exceeds  the  atmospheric  pres- 
sure by  the  amount  due  to  a  column  of  water  whose  lieight  is  the 
depth  of  the  surface  of  the  water  in  the  bell  below  the  surface  of  the 
water  outside. 

The  pull  on  the  chain  is  the  excess  of  the  weight  of  the  bell  and  its 
contained  air  over  the  weight  of  the  water  displaced  ;  the  weight  of 
the  air  may  generally  be  neglected. 


Fij^r.  6,: 


Examples.  —  (1)  An  iron  diving-bell  weighs  6  tons,  and  holds 
200  cub.  ft.  of  au\  To  find  the  tension  on  the  supporting  chain  when 
the  bell  is  completely  immersed  in  sea- water  and  kept  full  of  air 
(specific  gravity  of  iron  =  7 "2,  of  sea  water  l-02i), 

"Weight  of  a  cubic  foot  of  sea- water  =  1024  oz.  =  64  lbs. 

.-.  weight  of  water  displaced  by  air  inside  =  64  x  200  =  12800  lbs. 
,,  ,,  ,,  iron  of  bell  =  6  X  1-024 -^  7*2  tons, 

=  1 9 1 1  lbs.  (to  nearest  lb. ) ; 
.*.  total  weight  of  water  displaced  =  14,711  lbs. 

But  weight  of  bell  =  6  x  2240  =  13,440  lbs. 

.-.  tension  of  chain  =  1271  lbs. 

(2)  If  a  bell  whose  internal  capacity  is  200  cub.  ft.  is  lowered  in  a 
river  till  its  base  is  20  ft.  below  the  surface,  to  find  how  many  cubic 
feet  of  air  at  atmospheric  pressure  must  bo  pumped  in  to  prevent  the 
water  from  rising  inside. 
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Let  V  be  the  volume  which  the  air  fillmg  the  bell  would  occupy 
when  at  atmospheric  pressure. 

The  pressure  of  atmosphere  =  that  due  to  34  ft.  of  water, 

,,  ,,         inside  bell    =  ,,  34 +  20  ft.    ,, 

The  volume  actually  occupied  by  the  air  =  200  cub.  ft. 
Therefore  by  Boyle's  Law, 

t'  X  34  =  200  X  54  ; 
V  =  200  X  54 -T- 34  =  318  cub.  ft.  nearly. 

Hence  318  -200,  or  118  cub.  ft.  of  air  at  atmospheric  pressure  must 
be  pumped  in. 

(3)  A  bottle  full  of  air  is  inverted  and  lowered  in  water  to  a  depth 
of  61  ft.     To  find  how  much  water  has  entered  the  bottle. 

Here  the  pressure  increases  1  atmosphere  for  34  ft.,  or  1|  atmo- 
spheres for  51  ft.  descended.  Therefore  the  pressure  at  51  ft.  depth 
is  2^  or  ^  times  that  at  the  surface.  Hence,  by  Boyle's  Law,  the 
volume  of  the  air  is  f  its  volume  at  the  surface.  Therefore  the  water 
enters  till  it  fills  the  remaining  ^  of  the  volume  of  the  bottle. 

(4)  A  cylindrical  diving-bell  9  ft.  high  is  lowered  into  a  lake  until 
the  top  of  the  beU  is  1 1  ft.  below  the  surface.  If  no  air  is  pumped 
in,  to  find  how  high  the  water  rises  in  the  interior. 

Let  X  ft.  be  the  height  still  occupied  by  air  {AQ,  Fig.  65). 

Then  the  depth  PQ  =  (11  +  x)  ft. 

The  pressure  at  Q  is  therefore  that  due  to  a  head  of  water  of 

(34 +  11+ a;)  ft.  =  (45+ a;)  ft. 

But  the  air  originally  occupied  a  length  of  9  ft.  under  a  pressure 
of  34  ft.  head  of  water.     Therefore,  by  Boyle's  Law, 

34  X  9  =  (45  +  x)  X  X  ; 
.-.     a:+45;i;-306  =  0. 
Solving  this  quadratic  equation  by  factorizing  or  otherwise,  we  have 
(;F  +  51)(a:-6)  =  0; 
.-.     X  =  -51  or  6. 

Now  the  length  occupied  by'  air  cannot  bo  a  minus  quantity  ; 
.*.  X  =  6  ;    and  the  water  rises  in  the  bell  through  9  —  6  or  3  ft. 

(5)  To  find  the  effect  of  making  a  hole  in  the  side  of  a  diving-bell. 
If  the  hole  is  above  the  surface  of   the  water   in   the   bell,   the 

pressure  inside  the  bell  will  be  rather  greater  than  the  pressure  of  the 
water  outside  the  hole.  Therefore  air  will  escape  through  the  hole 
and  water  will  rise  in  tlic  bell  imtil  it  reaches  the  level  of  the  hole. 
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(6)  To  examine  whether  the  tension  of  the  chain  increases  or 
decreases  as  the  bell  descends. 

(i.)  If  no  air  is  pumped  in,  the  air  inside  will  become  compressed 
and  will  displace  less  water  ;  hence  the  tension  will  increase. 

(ii.)  If  more  air  is  pumped  in  to  keep  the  bell  full,  the  weight  of 
this  air  wiU  increase,  and  the  tension  -vrill  increase  somewhat,  but 
much  less  than  before. 

171.  Caissons. — Where  masonry  has  to  be  built  under 
water  (as,  for  example,  in  laying  the  foundations  for  the 
Forth  Bridge),  a  great  portion  of  the  work  has  to  be 
carried  on  in  caissons,  or  large  cylindrical  cases  of  metal, 
sunk  to  the  bottom  of  the  water  and  filled  with  compressed 
air  at  the  same  pressure  as  the  water  outside. 

In  entering  or  leaving  a  caisson,  the  workmen  have  to  pass  through 
an  "  air-lock,"  a  small  chamber  with  a  door  at  each  end  opening 
towards  the  caisson.  Without  such  a  lock  the  air  would  all  escape 
from  the  caisson. 

Example. — An  empty  bottle  is  uncorked  and  again  corked  inside  a 
caisson,  and  then  removed  from  the  caisson.     What  happens  ? 

Since  the  bottle  originally  contained  air  at  atmospheric  pressure, 
on  uncorking  in  the  caisson  air  rushes  in  till  its  pressure  is  the  same 
as  in  the  caisson.  When  the  bottle  is  removed  from  the  caisson,  the 
pressure  of  the  enclosed  air  is  greater  than  the  atmospheric  pressure, 
and  therefore  it  tends  to  blow  the  cork  out. 


Stjmmaey. 

1.  Hare's  Sydrometer  is  an  inverted  U-tube. 

2.  The  siphon  will  draw  liquid  from  a  vessel  provided  that — 

(i.)  The  outlet  is  below  the  liquid  surface  in  the  vessel ; 
(ii.)  The  greatest  height  above  the  surface  in  the  vessel  <  the 
barometric  height  of  the  liquid. 

3.  The  principal  kinds  of  manometer  are — 

(i.)  The  barometer  gauges  ; 

(ii. )  The  siphon,  open-tube,  vacuum,  and  compressed-air  gauges ; 
(iii.)  The  condenser  gauge. 

4.  The  diving-bell. — Problems  on  this  generally  depend  on  applying 
Boyle's  Law  to  the  air  inside  the  bell,  and  noting  that  the  total 
pressure  is  that  due  to  a  head  of  water  extending  from  the  surface  of 
the  water  inside  the  bell  to  a  point  above  the  surface  equal  to  the 
height  of  the  wat^r  barometer. 
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EXAMPLES  XVI. 

[Height  of  water  barometer  =  34  ft.     Specific  gravity 
of  mercuiy  =  13-6.] 

1.  What  Ls  the  limit  to  the  height  over  which  a  water  siphon  can 
act  when  the  barometer  stands  at  30  25  ins.  ? 

2.  A  bubble  of  air  is  inserted  into  a  siphon  while  it  is  working. 
What  effect  does  it  have  ? 

3.  A  siphon  is  filled  with  water  and  inverted  into  a  vessel  of  liquid 
of  specific  gravity  1-6,  What  is  the  condition  that  the  liquid  may 
flow  through  the  siphon  ? 

4.  If  the  mercury  in  a  siphon  manometer  be  of  specific  gi*avity 
13*5,  find  in  lbs.  per  sq  in.  the  difference  of  pressm-e  which  will  give 
a  difference  of  level  of  8  ins.  in  the  two  branches. 

5.  What  would  have  to  be  the  height  of  a  mercurial  open  -  tube 
manometer  adapted  for  measm-ing  pressures  up  to  10  atmospheres  ? 

6.  A  barometer  in  a  diving-bell  indicates  a  pressure  of  38^  ins., 
whereas  at  the  surface  of  the  water  it  indicates  a  pressure  of  30  ins., 
of  mercury.     What  is  the  depth  of  the  diving-bell  ? 

7.  A  diving-bell  whose  capacity  is  500  cub.  ft.  is  lowered  in  water 
until  its  mouth  is  at  a  depth  of  51  ft.  below  the  surface.  How  much 
air  at  ordinary  atmospheric  pressure  must  be  pumped  in  so  that  all 
the  water  may  be  expelled  ? 

8.  A  diving-beU  of  200  cub.  ft.  capacity  is  lowered  in  fresh  water, 
and  air  is  pumped  in  so  as  to  keep  the  water  completely  out.  What 
depth  has  it  reached  when  600  cub.  ft.  of  air  has  been  pumped  in? 

9.  What  depth  is  reached  in  Question  8  if  the  beU  is  lowered  in 
the  sea  instead  of  fresh  water  ? 

10.  The  top  of  a  cylindrical  di\'ing-bell,  whose  volume  is  200  cub.  ft. 
and  height  8  ft.,  is  at  a  depth  of  60  ft.  below  the  surface  of  the 
water.  How  much  air  at  ordinary  atmospheric  pressure  must  be 
pumped  in  to  keep  the  bell  full  of  air  'i 
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11.  A  small  bottle,  the  capacity  of  which  is  10  c.c,  is  carried  mouth 
downwards  to  the  bottom  of  a  pond  8|  ft.  deep.  How  much  water 
wiU  have  entered  the  bottle  when  it  reaches  the?  bottom  ? 

12.  If  the  density  of  the  air  in  a  closed  vessel  be  double  that  of 
atmospheric  air,  and  the  vessel  be  lowered  into^  a  lake,  explain  what 
will  happen  if  a  hole  be  madd  in  the  bottom  of  the-  vessel  when  its 
depth  is  (i.)  less  than,  (ii.)  equal  to,  (iii.)  greater  than  34  ft. 

13.  A  diving-bell  is  lowered  into  the  sea  until  the  surface  of  the 
water  inside  is  at  a  depth  of  20  ft.  Wliat  proportion  of  its  volume  is 
occupied  by  air,  the  specific  gi*avity  of  sea- water  being  1-025  ? 

14.  A  deep-sea  sounding  apparatus  has  been  invented,  consisting  of 
a  glass  tube  3  ft.  long,  open  at  the  bottom  and  closed  at  the  top,  and 
weighted  so  that  it  sinks  in  a  vertical  position.  It  is  let  down  to  the 
bottom,  and  the  length  of  the  inside  of  the  tube,  which  has  been 
wetted,  is  afterwards  measured.  If  this  length  is  35  ins.,  find  the 
depth  of  the  sea,  the  (sea-)  water  barometer  standing  at  32  ft. 

15.  A  diving-bell  8  ft.  high  is  lowered  in  water  until  its  top  is 
60  ft.  below  the  surface.  What  depth  of  water  will  have  entered 
the  bell  ? 

16.  A  diving-bell  is  lowered  in  a  lake  until  two-thirds  of  it  is 
filled  with  water.  Show  that,  if  d  be  the  depth  of  the  top  of  the  beU 
below  the  surface,  the  height  of  the  bell  is  3  {2h  —  d) ,  where  h  is  the 
height  of  the  water  barometer. 

17.  A  diving-bell  is  lowered  first  in  water  and  afterwards  to  the 
same  depth  as  before  in  a  fluid  of  less  specific  gravity  than  water. 
Does  the  water  or  the  other  fluid  rise  higher  in  the  bell  ?  In  which 
case  is  the  tension  of  the  chaia  greater  ?  Give  your  reasons  in  each 
case. 

18.  Describe  an  arrangement  by  means  of  which  people  could  pass 
in  and  out  of  a  caisson  filled  with  compressed  air  without  allowing 
more  than  a  small  fraction  of  the  air  to  escape.  Why  would  it  be 
necessary  to  have  small  air  valves  which  could  be  opened  at  either 
end  of  the  air-lock  besides  the  large  doors  ? 


CHAPTER     XVII 


WATER  PUMPS. 

In  the  present  chapter  we  shall  describe  the  action  of 
different  kinds  of  pumps  used  for  raising  water.  Most  of 
these  pumps  depend  on  the  principle  that  the  pressure 
of  the  atmosphere  is  capable  of  supporting  any  column 
of  water  whose  height  does  not  exceed  the  height  of  the 
water  barometer. 


172.  The  Common  Pump  consists  of  a  barrel  or 
cylinder  connected  with  the 
w^ell  or  source  of  water  by  a 
pipe  which  opens  into  its  lower 
end,  and  is  covered  by  a  valve  or 
lid  U  opening  upwards. 

In  the  baiTcl  is  a  closely  fitting 
piston  or  plug  P  which  can  be 
i-aised  or  lowered  by  means  of 
the  rod.  This  piston  also  contains 
an  opening  which  is  covered  by 
a  valve  V  opening  upwards. 

The  top  of  the  barrel  is  gener- 
ally furnished  with  a  spout  5, 
and  the  piston  rod  is  worked  by 
the  lever  or  "  pump  handle  "  /.. 


Fig.  QQ. 


To  EXPLAIN  THE  ACTION  OF  THE  PUMP,  let  US  start  with 
the  bairel  full  of  water  and  the  piston  at  the  bottom  of 
the  cylinder. 
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In  the  up-sfrohe  (Fig.  66)  the  valve  1/  remains  closed, 
and  the  pressure  below  the  piston  is  reduced,  and  the 
atmospheric  pressure  acting  on  the  surface  of  the  water 
in  the  well  forces  water  up  the  pipe  which  lifts  the 
valve  U  and  enters  the  baiTel.  At  the  same  time  the 
water  above  the  piston  is  raised  to  the  level  of  the  spout, 
and  runs  out. 

In  the  down-stroJce  (Fig.  67)  the  valve  (J  closes,  and  the 
water  lifts  the  valve  1/  and  passes  from  the  lower  to  the 
upper  side  of  the  piston  P. 

In  the  next  upstroke  this  water  is  raised  to  the  spout, 
while  a  fresh  supply  of  water  runs  into  the  barrel  through 
the  valve  U. 


Fig.  66. 


Fig.  67. 


Examples.— {\)  To  find  the  force  required  to  lift  the  piston  (neglect- 
ing the  weight  of  the  piston),  if  its  sectional  area  is  100  sq.  cm.  and 
the  Bp  ut  is  10  metres  above  the  water- surface  in  the  well. 

Let  a:  cm.  be  the  depth  of  the  piston  below  the  spout,  h  cm.  the 
height  of  the  water  barometer.  Then  the  pressures  above  and  below  the 
piston  are  due  to  heads  of  water  of  heights 

{h-\-x)    and  {A- (1000 -a-)}  cm., 
respectively.      Therefore    their    difference    is    that    due    to    a    head 
of  1000  cm.  (the  total  height  of  the  colizmn,  as  we  should  expect). 
Hence 

diff.  of  pressui'es  on  two  Kides  of  the  piston  =1000  gm.  per  sq.  cm. 
Also  area  of  piston  =  100  sq.  cm.  ; 

.•.     resultant  force  on  piston  =  1000  x  100  gm.  =  100  kilog. 
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[Notice  that  the  force  depends  only  on  the  total  height  of  the 
column  to  be  raised  and  the  area  of  the  piston,  and  not  on  the  position 
of  the  piston  in  the  stroke.] 

(2)  If  the  spout  is  10  ft.  above  the  water  surface,  and  5  lbs.  of 
water  are  delivered  at  each  stroke,  to  find  the  work  done  in  the 
up-stroke. 

Let  the  length  of  the  stroke  be  /ft.,  and  let  the  sectional  area  of 
the  piston  be  A  sq.  ft. 

The  difference  of  pressures  on  the  two  sides  of  the  piston 
■»  that  due  to  a  head  of  10  ft.  of  water 
=  10,000  oz.  per  square  foot 
=  10,000/16  lbs.  per  square  foot; 
.*.     resultant  thrust  on  piston  =  10,000  x  ^/16  lbs. ; 
.'.     work  done  in  up-stroke     =  10,000  x  Al/16  ft. -lbs. 
Now  Al  —  volume  of  water  raised  to  spout  in  cubic  feet ; 

.'.     1000^/  =  weight  of  water  raised  in  ounces, 
and  1000-^^/16  =  weight  of  water  raised  in  pounds 

=  5  lbs.  (by  data) ; 
.-.     work  done  in  up-stroke  =  5  x  10  ft. -lbs.  =  50  ft. -lbs. 
This  is  the  work  required  to  raise  the  5  lbs.  of  water  through  the 
total  height  of  10  ft. 

Hence  the  work  done  by  the  pump  is  the  same  as  if  the  water  were 
lifted  directly  up  from  the  bottom  of  the  well  to  the  spout.  This  is  in 
accordance  with  the  Principle  of  Conservation  of  Energy. 

173.  Limits  to  the  action  of  the  common  pnmp. — 

Since  the  water  below  the  piston  is  raised  from  below  by 
the  pressure  of  the  atmosphere,  it  follows  that  the  height 
of  the  piston  above  the  surface  of  the  water  rmist  never  exceed 
the  height  of  the  ivater  barometer  (about  34  ft.)  Otherwise 
a  vacuum  will  be  formed  in  the  barrel,  and  water  will 
cease  to  flow  in.* 

If  the  weight  of  the  lower  valve  U  be  taken  into  account,  the  limit 
to  the  height  of  the  piston  will  have  to  be  rather  less  than  34  ft.  in 
order  that  the  water  may  lift  this  valve. 

If  the  pump  is  used  for  raising  any  other  liquid,  the  greatest 
height  is,  of  course,  the  height  of  a  barometer  of  that  Hquid ;  e.y. , 
mercury  could  only  be  drawn  up  30  ins.  with  a  pump. 

*  If  during  a  portion  of  the  stroke  the  piston  is  less  than  34  ft.  above  the  water 
level,  water  will  then  enter  the  barrel ;  but  the  portion  of  the  stroke  in  which  the 
piston  rises  above  that  height  will  be  useless. 

KTPRQ,  )f 
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174.  Action  of  the  pump  at  first  starting. — When 
a  pump  is  first  placed  in  water,  the  pipe  and  baiTel  are 
full  of  air,  which  must  be  pumped  out  before  the  w^ater 
will  rise  into  the  barrel. 

Suppose  the  piston  at  the  lowest  point  of  the  cylinder. 

In  the  first  up -stroke,  the  air  in  the  pipe  expands  and  part  of  it 
rushes  through  the  valve  U  into  the  barrel,  while  the  reduction  of 
pressure  allows  a  column  of  water  to  rise  up  into  the  pipe. 

In  the  first  down-stroke,  the  valve  U  closes,  and  as  soon  as  the  air 
in  the  barrel  has  got  compressed  to  atmospheric  pressure  it  begins  to 
escape  through  V. 

In  the  next  upstroke,  the  air  in  the  pipe  again  expands  through  the 
valve  U  into  the  cylinder,  and  the  reduction  of  pressure  allows  the 
water  to  rise  still  further  in  the  pipe.  This  process  continues  till 
the  water  at  last  reaches  the  barrel,  when  the  continuous  action  as  a 
water-pump  begins,  and  a  volume  of  water  equal  to  that  of  the 
barrel  is  raised  at  each  stroke. 

Examples. — (1)  If  the  lower  valve  is  17  ft.  above  the  water,  to  find 
the  volume  of  the  barrel  if  the  water  just  reaches  it  in  the  first 
stroke. 

The  water  barometer  being  34  ft.  high,  the  pressure  of  the  air 
inside  the  pump  when  the  water  reaches  the  valve  is  that  due  to 
34  -  17  ft.,  or  I  atmosphere.  Therefore  the  volume  of  the  air  is  double 
of  what  it  was  at  the  beginning  of  the  stroke,  and  the  volume  of  the 
barrel  must  be  double  that  of  the  pipe. 

(2)  The  bottom  of  the  barrel  is  20  ft.  above  the  sitrface  of  the 
water,  and  the  section  of  the  pipe  is  i  of  that  of  the  barrel ;  find 
tlie  height  of  the  water  when  the  piston  has  been  raised  1  ft. ,  given 
the  height  of  the  water  barometer  =  33  ft. 

Let  X  ft.  be  the  required  height  of  the  water. 

Before  the  up-stroke,  the  air  occupies  20  ft.  of  pipe  under  a  pressure 
of  33  ft.  of  water. 

After  the  up-stroke,  the  air  occupies  (20  — a;)  ft.  of  pipe  plus  the 
volume  of  the  barrel,  under  a  pressure  of  (33  — a;)  ft.  of  water. 

Now  the  volume  of  air  in  the  barrel  is  5  times  the  volume  of  an 
equal  length  of  pipe,  and  is  therefore  equal  to  that  of  5  ft.  of  pipe. 
Hence  the  air  occupies  a  total  volume  equivalent  to  (20 -a: +  6)  ft., 
or  {2d-x)  ft.  of  pipe.     Therefore,  by  Boyle's  Law, 

20x33  =  (25 -a:)  (33-. r);         .-.     x^-5Sz +165  =■  0  ; 
.'.     (x-55){x-S)  =  0;  .'.     a:  =  55,    or   3. 

Now  the  water  evidently  does  not  rise  55  ft.  Therefore  r  =  3,  and 
the  water  rises  3  ft, 
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175.  Clearance. — When  the  piston  does  not  descend  quite  to  the 
bottom  of  the  barrel,  the  space  left  below  it  is  called  the  clearance. 

Example. — (1)  If  the  length  of  the  stroke  is  12  ins.  and  the  clear- 
ance is  5  ins. ,  to  find  the  greatest  height  to  which  the  water  will  rise. 

If  the  valve  U  remains  closed,  the  air,  which  at  the  beginning  of 
the  up -stroke  occupied  5  ins.,  at  atmospheric  pressure,  will  at  the 
end  of  the  stroke  occupy  17  ins.,  and  its  pressure  will  therefore  be 
^  atmosphere.  Hence,  in  order  to  lift  the  lower  valve,  the  pressure 
on  the  underside  must  exceed  -fy  atmosphere,  i.e.,  that  due  to  10  ft. 
head  of  water.  Therefore  the  water  cannot  rise  more  than  34—10  ft., 
or  24  ft.  If  then  the  height  of  the  lower  valve  exceed  24  ft. ,  the 
piunp  wiU  never  fill  with  water,  although  if  once  started  it  would 
work  continuously. 

[In  such  cases,  the  proper  way  to  start  the  pump  is  to  pour  water 
into  the  clearance,  and  this  is  cdXiedi  priming  the  pump."] 


176.  The  Lift  Fump  is  a  modification  of  the  common 
pump,  adapted  for  raising  water  to  a  cistern 
at  any  desired  height  above  the  barrel. 

The  top  of  the  barrel,  instead  of  being 
open,  is  covered  with  a  lid  in  which  the 
piston-rod  passes  through  a  tight-fitting 
collar  C.  From  this  lid  rises  a  pipe  K  con- 
ducting the  water  to  the  required  height. 
The  bottom  of  this  pipe  is  sometimes  fur- 
nished with  a  third  valve  W  opening 
upwards. 

In  the  upstroke  (Fig.  68),  the  water  above  the 
piston  is  lifted  up  into  the  pipe  K  through  the  valve 
ly,  and  the  atmospheric  pressure  in  the  well  forces 
water  through  the  valve  U  into  the  barrel  below 
the  piston. 

In  the  down-stroke,  the  water  in  the  barrel  passes  through  the 
valve  V,  just  as  in  the  common  pump. 

The  valve  W  is  unnecessary,  for  the  lower  valve  U  is  sufficient  to 
keep  the  water  from  flowing  back. 

There  is  no  limit  to  the  height  to  which  water  can  he  lifted 
above  the  piston,  but,  as  in  the  common  pump,  the  column 
helow  the  piston  cannot  exceed  the  height  of  a  barometer 
of  the  liquid  that  is  being  pumped. 


Fig.  68. 
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The  force  on  the  piston-rod  in  the  up -stroke  may  be  found  as  in 
§  172,  Ex.  1.  The  difference  of  pressures  on  the  two  sides  is  that 
due  to  the  head  of  water  extending  from  the  surface  in  the  well  up 
to  the  outlet. 


177.  The  Forcing  Pump  has  already  been  mentioned 
in  connexion  with  the  Bramah  Press.  It 
differs  from  the  common  pump  in  having 
no  aperture  in  the  piston  P,  but  instead 
of  this  a  pipe  K  containing  a  valve  F 
opening  outwards  conducts  the  water 
from  the  barrel  to  any  desii^ed  heigbt. 

In  the  upstroke  (see  right-hand  barrel 
in  Fig.  70)  the  valve  F  closes,  and  water 
enters  the  barrel  through  the  valve  (/,  as 
in  the  common  pump. 

In  the  down-stroke  (Fig.  69)  tbis  water 
is  forced  out  again  througb  tbe  valve  F 
and  up  the  pipe  K. 

As  in  the  lift  pump,  water  may  be  forced  up  to  any 
height  above  the  piston,  but  it  cannot  be  raised  from  a 
greater  depth  below  the  piston  than  about  34  ft. 


Example. — The  area  of  the  piston  of  the  forcing  pump  being 
90  sq.  in.,  find  the  force  on  the  piston-rod  necessary  to  raise  water 
from  a  well  20  ft.  deep  and  force  it  up  to  a  cistern  30  ft.  high. 

In  the  up -stroke  the  piston  supports  the  column  leading  from  the 
well,  and  in  the  down- stroke  it  supports  the  column  leadmg  up  to  the 
ciatem.  Therefore  the  difference  of  pressure  on  the  two  faces  of 
the  piston  (the  upper  face  being  under  atmospheric  pressure)  is 
20  X  1000  oz.  per  sq.  ft.  in  the  up-stroke  and  30  x  1000  oz.  per  sq.  ft. 
in  the  down- stroke  ; 

.-.     force  required  to  raise  piston  =  20  x  1000  x  90/144  oz. 

=  12,500  oz.  =  78U  lbs.  ; 

force  required  to  lower  piston  =  30  x  1000  x  90/144  oz. 

=  18,750  oz.  =  1171  lbs.  14  oz. 
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178.  The  "Mannal"  Fire  Engine  consists  of  two 
forcing  pumps  worked  by  alternately  raising  and  lowering 
the  two  handles  of  a  double  lever  HL  (Fig.  70),  so  that  as 
one  piston  descends  the  other  ascends,  and  water  is  forced 
out  at  each  stroke. 


179.  Air-Vessel.  —  The  action  of  the  pumps  is  not 
perfectly  continuous,  because  the  pistons  momentarily  stop 
when  their  motions  are  reversed.  In  order  to  produce 
a  continuous  jet  of  water  from  the  hose,  the  pumps 
communicate  with  an  air-vessel  A   (Fig.  70).     This   is 


Fig  71. 


a  large  metal  dome  partly  filled  with  air.  When  the 
pistons  are  moving  most  rapidly,  water  is  delivered  into 
the  air-vessel  faster  than  it  can  escape;  hence  it  rises 
in  the  dome  and  compresses  the  air.  When  the  action  of 
the  pumps  stops  for  an  instant,  the  air  again  expands  and 
forces  water  out  of  the  hose  S. 


180.  The  Steam  Pire  Engfine  is  a  double-action  forcing  pump 
furnished  with  an  air-rcsnl  A  (Fig.  71).  The  piston  is  driven  back- 
wards and  forwards  by  steam-power,  and  water  enters  the  barrel  on 
the  two  sides  of  the  piston,  alternately.  Each  end  is  furnished  with 
separate  valves,  and  forms  a  complete  pump,  one  or  other  of  these 
pumps  producing  a  discharge  at  each  stroke  of  the  piston. 

The  arrangement  of  Fig.  71  is  used  in  most  steam  pumps.  The  barrel  is  usually 
hoi  IzuntaL 
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Summary. 

1.  The  different  forms  of  water  2)>i»U)s  are — 

li  S^Xp"^/""^}-*  valve  i.  piston; 
(iii.)  The  forcing  pump,  with  second  valve  at  side  of  barrel. 

2.  The  fire  engine  consists  of  two  forcing  pumps,  or  a  double  forcing 
pump,  with  an  air-vessel  to  produce  continuous  stream. 

3.  The  condition  that  the  pump  may  ivork  conti^nioushj  is  that 
height  of  piston  above  water  surface  <  height  of  water  barometer. 

But  water  may  be  lifted  or  forced  to  any  height. 

4.  The  force  on  the  piston  rod  =  wAh^  where  A  =  area  of  piston, 
h  ='h.eight  of  colunm  raised,  tv  =  weight  of  unit  volume  of  fluid. 


EXAMPLES  XVII. 

1.  Describe  and  explain  the  action  of  the  common  suction  pump 
Why  win  it  not  work  equally  well  at  the  top  of  a  high  mountain  ? 

2.  One  foot  of  the  length  of  the  barrel  of  a  suction  pump  holds 
8  lbs.  of  water.  At  each  stroke  the  piston  works  through  3  ins. 
The  spout  is  24  ft.  above  the  surface  of  the  water  in  the  weU.  How 
many  ft. -lbs.  of  work  are  done  per  stroke  ? 

3.  What  is  the  greatest  length  of  the  suction  tube  of  a  pump  used 
for  raising  sea-water,  the  height  of  the  mercury  barometer  being 
30  ins.  ?     (Specific  gravity  of  sea-water  =  1-028.) 

4.  A  tank  on  the  sea -shore  is  filled  by  the  tide  with  sea -water 
whose  specific  gravity  is  1-025.  It  is  desired  to  empty  it  at  low  tide 
by  means  of  a  common  pump  whose  lower  valve  is  on  the  same  level 
as  the  top  of  the  tank.  Find  the  greatest  depth  which  the  tank  can 
have,  so  that  this  may  be  possible,  when  the  water  barometer  stands 
at  34  ft.  2  ins. 

5.  If  the  water  barometer  stand  at  33  ft.  8  ins. ,  and  if  a  common 
p-ump  is  to  be  used  to  raise  petroleum  from  an  oil-well,  find  the 
greatest  height  at  which  the  lower  valve  of  the  pump  can  be  placed 
above  the  surface  of  the  oil  in  the  well.  (The  specific  gravity  of 
petroleimi  is  -8.) 

6.  In  the  common  pump,  if  the  barrel  is  18  Ids.  in  length  and  its 
bottom  21  ft.  above  the  surface  of  the  water,  and  if  the  section  of 
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the  pipe  is  ^5^  of  that  of  the  barrel,  find  the  height  of  the  water  in 
the  pipe  at  the  end  of  the  first  stroke  ;  g-iven  the  height  of  the  water- 
barometer  =  32  ft. 

7.  The  height  of  the  lower  valve  of  a  common  pump  above  the 
surface  of  the  water  to  be  raised  is  10  ft.,  and  the  cross-section  of 
the  barrel  is  five  times  that  of  the  pipe.  What  must  be  the  length 
of  the  stroke  in  order  that  the  water  may  rise  to  the  lower  valve  at 
the  end  of  the  first  stroke  (the  water  barometer  standing  at  34  ft.)  ? 

8.  If  the  pump  in  the  last  question  be  used  for  raising  sea- water 
of  specific  gravity  1-025,  will  the  stroke  be  shorter  or  longer,  and  by 
how  much  ? 

9.  If  the  fixed  valve  of  the  common  pump  be  29  ft.  above  the 
surface  of  the  water,  and  the  piston,  the  entire  length  of  whose  stroke 
is  6  ins. ,  is,  when  at  the  lowest  point  of  its  stroke,  4  ins.  from  the 
fixed  valve,  find  whether  the  water  will  reach  the  pump-barrel,  the 
height  of  the  water  barometer  being  32  ft. 

10.  If  the  plunger  of  the  force-ptimp  has  a  cross-section  of 
8  sq.  ins.  and  works  50  ft.  below  the  cistern,  what  thrust  is  required 
to  force  it  down  ? 

11.  In  the  common  pump,  why  is  the  lower  tube  narrower  than  the 
upper  ?  What  are  the  forces  acting  on  the  piston  when  the  pump  is 
in  action  \ 

12.  How  would  you  arrange  a  pvunp  so  that  the  work  done  in 
lifting  the  weight  of  the  piston  and  its  connecting  rod  should  not  be 
wasted? 

13.  What  additional  apparatus  is  necessary  to  make  the  supply  of 
water  continuous  instead  of  being  intermittent  ? 

14.  If  the  piston  only  traverses  the  upper  half  of  the  pump-barrel, 
find  the  greatest  height  to  which  the  water  wiU  rise,  the  pump  being 
originally  full  of  air. 
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EXAMINATION  PAPER  VIII. 

1.  Explain  the  action  of  the  siphon.  Why  cannot  it  be  used  to 
carry  water  over  a  mountain  ? 

2.  What  wiU  be  the  effect  on  the  working  of  a  siphon  if  a  hole  be 
made  (i.)  at  the  highest  point,  (ii.)  at  a  point  above  the  surface  in 
the  longer  branch  ? 

3.  A  vessel  containing  water  is  to  be  emptied  by  means  of  a  siphon 
which  is  filled  with  a  liquid  of  specific  gravity  '8.  Eind  the  minimimi 
length  of  the  longer  arm  when  the  length  of  the  shorter  is  5  ft., 
in  order  that  the  siphon  may  work. 

4.  Describe  some  simple  form  of  gauge  which  would  enable  you  to 
measure  the  pressure  at  which  gas  is  supplied,  and  explain  the 
principle  upon  which  it  is  constructed. 

6.  Describe  the  construction  and  use  of  the  diving-bell,  and  show 
how  to  find  the  tension  of  the  supporting  rope  when  the  bell  is  full 
of  air  at  any  given  depth. 

6.  What  wiU  happen  if,  when  the  bell  is  totally  immersed,  a  small 
aperture  is  made  in  the  vertical  side  of  the  bell  above  the  surface  of 
the  water  inside  ? 

7.  What  volume  of  air  must  be  introduced  into  a  cylindrical 
diving-bell  to  keep  the  water  outside  from  entering  it  if  the  bell  has 
an  internal  section  of  15  sq.  ft.  and  an  internal  height  of  10  ft.,  and 
the  top  of  the  bell  is  immersed  to  a  depth  of  90  ft.  in  fresh  water? 

8.  What  wiU  be  the  effect  of  inverting  a  siphon  full  of  air  and 
placing  it  imder  the  rim  of  a  diving-bell  with  the  shorter  arm 
projecting  upwards  into  the  air  in  the  bell  ? 

9.  Describe  and  explain  the  action  of  the  common  pump.  What  is 
meant  by  the  term  * '  clearance  ' '  ? 

10.  One  foot  length  of  the  barrel  of  a  pump  holds  15  lbs.  of  water  ; 
at  each  stroke  the  piston  works  through  3  ins.,  and  the  spout  is 
20  ft.  above  the  water  in  the  weU.     How  much  work  is  done  per 

stroke  ? 
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AIR  PUMPS. 

181.  The  pumps  used  for  compressing  or  rarefying  air 
are  almost  identical  in  construction  with  the  water  pumps 
described  in  the  last  chapter,  which  they  also  closely 
resemble  in  principle. 

Any  of  these  pumps  may  be  (and  often  are)  called  air  pumps. 
But,  in  general,  the  term  air  pump  means  a  pimip  for  exhausting  air 
(§  186).  A  pump  for  compressing  air  is  called  a  condenser,  and  has 
many  important  uses,  such  as  for  supplying  air  to  a  diving-beU  or 
caisson  (§§  170,  171),  inflating  the  pneumatic  tires  of  a  bicycle, 
filling  the  reservoirs  and  pipes  of  the  Westinghouse  Brake  (§  195), 
makmg  aerated  waters,  &c. 


B 


^ 


^ 


Fig.  72. 
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Fig.  73. 


Fig.  73a. 


182.  The  Condenser  or  Condensing  Fnmp  consists  of 
a  barrel  B,  traversed  by  a  piston  P,  and  communicating  at 
one  end  with  the  vessel  A,  into  which  air  is  to  be 
compressed. 

This  vessel  is  called  the  receiver^  and  is  shown  only  in 
Fig.  73a. 

Both  the  piston  and  the  end  of  the  barrel  contain 
valves  V^  F  opening  from  the  outside  air  towards  the 
receiver. 

In  the  hachward  stroke  {i.e.,  when  the  piston  P  is  being 
pulled  back.  Fig.  72),  the  valve  F  is  closed  by  the  pressure 
in  the  receiver,  while  air  at  atmospheric  pressure  passes 
through  the  valve  \/  to  the  front  of  the  piston  and  fills 
the  barrel. 
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In  the  beginning  of  the  forward  stroke  (Fig.  73)  both 
valves  I/,  F  remain  closed,  and  tlie  air  inside  the  barrel  is 
compressed  until  its  pressure  just  equals  that  in  the 
receiver.* 

In  the  remainder  of  the  forward  stroke  (Fig.  73a),  the 
valve  F  opens,  and  air  is  forced  through  it  into  the 
receiver. 

In  what  follows,  the  backward  and  forward  strokes  of 
the  piston  of  a  pump  are  together  considered  as  con- 
stituting one  complete  stroke  of  the  pump. 


'^     r 


IF 


^^ 


Fig.  72. 


Fig.  73. 


Fig.  73a. 


Examples. — (1)  The  volume  of  the  receiver  is  80  cub.  ins.,  and  that 
of  the  barrel  20  cub.  ins.  Find  how  many  strokes  must  be  made 
before  the  pressure  of  the  air  in  the  receiver  is  3  atmospheres. 

By  Boyle's  Law,  the  density  in  the  receiver  is  three  times  the 
density  of  atmospheric  air.  Hence  the  air  in  the  receiver  would 
occupy  240  cub.  ins.  at  atmospheric  pressure  ; 

.'.     160  cub.  ins.  of  air  have  been  forced  in. 

But  at  each  back-stroke  20  cub.  ins.  of  air  enter  the  barrel,  and 
are  forced  into  the  receiver  at  the  forward  stroke  ; 

.•.     number  of  complete  strokes  =  160/20  =  8. 

(2)  To  find  when  the  valve  in  the  barrel  opens  in  the  next  forward 
stroke  (see  Ex.  1). 

The  valve  F  opens  when  the  air  in  the  barrel  has  a  pressure  of 
3  atmospheres,  that  is,  when  it  occupies  one -third  its  original 
volume,  or  the  piston  has  traversed  two-thirds  the  length  of  the 
barrel. 


*  Except  in  the  first  stroke,  when  the  air  in  the  receiver  is  at  atmospheric 
pressure  and  F  opens  at  once. 
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183.  To  find  the  density  and  presstire  in  the 
receiver  after  n  complete  strokes. 

Let  A  be  the  volume  of  the  receiver,  B  that  of  the 
barrel,  D  the  density  of  atmospheric  air,  d  the  density  in 
the  receiver  after  n  strokes. 

Then  the  receiver  originally  contained  a  mass  of  air  AD 

At  each  backward  stroke  a  volume  B  of  air  at  atmo- 
spheric density  B  entera  the  barrel.  At  the  forward 
stroke  this  air  enters  the  receiver.  Hence,  after  n  corn- 
plete  strokes, 

mass  of  air  in  receiver  =  (A  +  nB)  B. 

But  its  volume  =  A  ; 

.-.    its  density  d  =  ^^^^  D  =  (l+n^ji>  ...  (1). 

This  relation  is  independent  of  the  law  connecting  the  pressure  and 
density.     If,  however,  these  follow  Boyle's  Law,  we  have  also 

pressure  in  receiver  =  (  1+"  — )  atmospheres. 

184.  Limits  to  the  action. — In  obtaining  (1),  we  have  supposed 
that  all  the  air  which  enters  the  barrel  is  forced  into  the  receiver  in 
the  forward  stroke.  In  such  cases,  there  is  no  hmit  to  the  pressure 
which  can  be  produced  in  the  receiver. 

In  actual  pumps,  however,  the  action  is  limited  by  the  existence 
of  a  clearance,  or  residual  space,  left  between  the  valve  F  and  the 
piston,  after  the  latter  has  been  pushed  as  far  forward  as  it  will  go. 

Example. — The  volume  of  the  barrel  is  20  cub.  ins.,  and  the 
clearance  ^  cub.  in.  ;  to  find  the  greatest  pressure  that  can  be 
produced. 

If  the  air  in  the  barrel  is  all  forced  down  into  the  clearance,  its 
greatest  pressure  will  be  20  -^  |  or  40  atmospheres.  Hence  the  pres- 
sm-e  in  the  receiver  can  never  be  gi-eater  than  40  atmospheres,  for 
otherwise  the  valve  F  would  not  open. 

185.  Difference  between  the  condensingf  and  the  air 
pump. — In  the  condensing  piunp,  a  quantity  of  air  whose  volume  is 
that  of  the  barrel  is  forced  into  the  receiver  at  each  stroke,  and  the 
density  of  this  air  is  always  that  of  the  outside  air.  Consequently,  the 
mass  of  the  air  forced  in  at  each  stroke  is  constant.  But  in  the  air 
pimip,  though  the  same  volume  of  air  is  extracted  at  each  stroke,  its 
density  diminishes  zvith  each  stroke,  and  therefore  the  mass  of  the  air 
extracted  also  diminishes. 


188 


PKHUMATICS. 


186.  The  Air  Fnmp. — If  we  suppose  a  common  pump 
(§  172)  used  for  pumping  out  air  instead  of  water,  we 
shall  have  an  air  pump.  The  vessel  to  be  exhausted  of 
air  is  called  the  receiver  (>4,  Figs.  76,  77),  and  the  pump 
itself  consists  essentially  of  a  cylinder  B  traversed  by  a 
piston  P,  both  containing  valves  opening  outwards  from 
the  receiver. 

These  valves  must  be  light  enough  to  yield  to  a  very  slight  excess  of 
pressure  on  their  lower  side  ;  hence  the  valves  used  in  a  water  pump 
would  be  far  too  heavy. 

To  DESCRIBE  ITS  ACTION,  suppose  the  piston  at  the 
bottom  of  the  barrel. 


In  the  upstroke  (Fig.  74)  the  valve  1/  closes,  and  the 
air  in  the  receiver  and  tube  lifts  the  valve  U,  and  part  of 
it  passes  into  the  barrel.  At  the  end  of  the  up-stroke  the 
barrel  is  therefore  filled  with  air  at  the  same  pressure, 
and  therefore  also  at  the  same  density,  as  the  air  left 
in  the  receiver. 

In  tJie  first  part  of  the  down-strolce  (Fig.  75)  the  valve  U 
closes,  and  the  valve  1/  also  remains  closed,  while  the  air 
beneath  the  piston  is  compressed  until  its  pressure  equals  that 
of  the  atmosphere* 

In  the  remainder  of  the  down-stroke  (Fig.  76)  the  piston- 
valve  1/  opens  and  allows  the  air  to  escape  from  beneath 
the  piston. 

*  In  consequence  of  the  compressibility  of  the  air,  the  piston-valve  V  does  not 
open  at  once,  as  it  would  do  if  the  barrel  contained  water.  The  present  action  also 
takes  place  in  a  water  pump  before  the  water  reaches  the  barrel. 
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187.  Hawksbee's  Air  Fnmp  (sometimes  called  the 
double-barrelled  air  pump)  is  provided  with  two  baiTels 
instead  of  one,  and  the  pistons  are  worked  up  and  down 
by  means  of  what  is  called  a  rack  and  pinion  (Fig.  77), 
so  that,  as  the  handle  H  is  moved  to  and  fro,  one  piston 
nses  as  the  other  falls.  (?  is  a  mercurial  vacuum  gauge 
(see  §  167). 

Advantages. — This  arrangement  possesses  two  advantages  : 
Ist. — The  air  is  exhausted  twice  as  quickly  as  with  a  single  barrel. 
2nd. — During  the  up-stroke  and  the  first  part  of  the  down-stroke, 
the  pressure  in  the  barrel  is  less  than  the  pressure  of  the  atmosphere. 
This  excess  of  pressure  on  the  upper  side  of  the  piston  makes  the 
single-barrelled  pump  hard  to  work.  In  the  double-barrelled  pump 
the  resultant  thrust  of  the  air  on  the  descending  piston  assists  in 
puUing  the  other  piston  up. 


Fig.  77. 

Example. — If  the  volumes  of  the  barrel  and  receiver  are   equal, 
to  find  the  pressure  left  in  the  receiver  after  5  complete  strokes. 

In  the  first  up-stroke,  half  the  air  from  the  receiver  enters  the 
barrel  and  half  is  left  behind  ;  therefore,  by  Boyle's  Law, 

pressure  in  receiver  after  the  stroke  =  \  atmosphere. 
In  the  second  stroke,  half  the  remaining  air  passes  into  the  barrel ; 
.*.     pressure  in  receiver  after  2  strokes  =  ^  x  ^^  =  ^  atmosphere. 

Similarly,   at  each   complete   stroke,  the   quantity  of  air   in  the 
receiver,  and  therefore  also  the  pressure,  is  reduced  by  one-half. 
Hence,  evidently,  pressure  of  air  left  after  5  complete  strokes 

=  \y.\y.\y.\y.\  =  {^^  =■  -^L  atmosphere. 
Taking  an  atmosphere  as  15  lbs.  per  square  inch, 

the  required  pressure  =  7  j  oz.  per  sq.  in, 
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188.  To  find  the  density  and  pressure  of  the  air 
lett  in  the  receiver  after  u  strokes. 

Let  A  be  the  volume  of  the  receiver  and  connecting- 
pipe,  B  that  of  the  hansel.  Let  I)  be  the  density  of  the 
atmospheric  air  originally  in  the  receiver.  Let  d^,  d^,  ...  d^ 
be  the  densities  of  the  air  left  after  1,  2,  ...  n  strokes 
respectively. 

After  the  first  up-stroke,  the  air  originally  in  the 
receiver  expands  from  volume  A  to  volume  A-\-B. 
Hence,  since  its  mass  is  unaltered,  its  densities  are 
connected  by  the  relation 

d,(A-{-B)  =DA; 

.-.     di  =  D  -^. 
'  A  +  B 

During  the  down- stroke   the  air   left  in  the  receiver 

remains  at  the  same  density  d^  unaltered,  but  in  the  next 

up-stroke  it  again  expands  in  volume  from  A  to  A  +  B. 

Hence,  for  its  subsequent  density,  we  have 

d^{A-{-B)  =  d,A- 

....,  =  ..-^^=1,(^)1 

At  the  third  stroke  the  air  left  in  the  receiver  again 
expands  in  volume  from  A  to  A  +  B^  and  therefore 
d^(A^B)  =d^A; 

Proceeding  in  this  way,  it  is  obvious  that  the  density 
of  the  air  is  reduced  at  each  up-stroke  in  the  ratio  of 
A  to  A-\-B,  and  therefore  after  n  strokes  it  is  given  by 

'^"=^(3^5)" (2)- 

This  is  true  independently  of  the  law  connecting  the  pressure  and 
density.     If,  however,  Boyle's  Law  be  assumed,  we  have 

pressure  in  receiver  after  h  strokes 

=  i j     atmospheres. 
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[This  result  might  be  obtained  without  first  finding  the  density  by 
following  the  method  of  Ex.  I  below.] 

Examples. — (1)  The  volumes  of  the  barrel  and  receiver  are  25  and 
75  cub.  ins. ;  to  find  the  pressure  of  the  air  left  after  3  strokes. 

In  the  first  up-stroke,  75  cub.  ins.  of  air  at  atmospheric  pressure 
expand  till  they  till  the  receiver  and  barrel,  i.e.y  100  cub.  ins.  ; 
.-.     pressure  after  the  stroke  =  -j^%  =  |  atmosphere. 

In  each  succeeding  up-stroke,  the  air  remaining  in  the  receiver 
expands  from  75  to  100  cub.  ins.,  and  its  pressure  is  therefore  reduced 
to  f  what  it  was  before  ; 

.-.     pressure  after  3  strokes  =  |  x  |  x  |  =  (f  )3  =  |^  atmosphere. 

(2)  The  volume  of  the  barrel  being  two-fifths  that  of  the  receiver, 
to  find  how  many  strokes  are  required  to  reduce  the  density  to  less 
than  one-third  the  original  density. 

Here  B  =    ~  A\ 


A+B      5  +  2        7 
XT  /  5  \2      25      1       /  5  \3      125      1       /  5  y 

^^"  iy)=4-9"3'  (7)=3T3"i'  ly)  = 

Hence  4  strokes  are  required. 


625  ^  1 
2401^  3' 


189.  Limits  to  Ezliaustion. — The  fraction  {A/{A  +  B)y^  can, 
by  taking  n  sufficiently  large,  be  made  as  small  as  we  please ;  hence, 
theoretically,  we  could  attain  any  required  degree  of  exhaustion  short 
of  a  perfect  vacuum  if  we  were  only  to  work  the  pump  long  enough. 
But  in  an  actual  pump  the  degree  of  exhaustion  falls  short  of  that 
given  by  (2),  owing  to  the  following  causes: — 

(i.)  The  clearance. — Even  when  the  piston  is  pushed  "full  home," 
there  must  be  a  little  space  or  clearance  between  the  two  valves. 
If  we  go  on  pumping  long  enough,  we  shall  at  last  arrive  at  a  limit 
beyond  which  the  valves  never  open,  and  the  air  between  them 
alternately  expands  into  the  barrel  and  is  foiced  back  into  the 
clearance. 

(ii.)  The  weight  of  the  valves. — The  pressure  in  the  receiver  can 
never  become  less  than  the  amount  necessary  to  lift  the  lower  valve ; 
when  this  is  attained,  further  exhaustion  is  impossible. 

In  order  to  reduce  the  weight  of  the  valves  as  much  as  possible, 
they  are  sometimes  made  of  a  very  thin  film  of  gutta  percha  or  oiled 
silk  overlying  very  small  air  holes  in  the  piston  and  cylinder,  respect- 
ively. 
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190.  Smeaton's  Air  Pump  (Fig.  78)  is  identical  in 
the  arrangement  of  its  parts  with,  the  lift  pump  of 
Chap.  XVII.  It  differs  from  the  common 
air  pump  in  having  the  barrel  closed  by  a 
lid  in  which  the  piston-rod  passes  through 
a  tight-fitting  collar,  and  this  lid  has  a 
small  hole  covered  by  a  valve  W  opening 
into  the  air. 


yi^i 


The  action  is  as  follows  : — 


Fig.  78. 


In  the  up-stroJce^  air  from  the  receiver  enters 
through  the  valve  (/.  At  first,  the  valve  W  remains 
closed,  until  the  air  above  the  piston  is  compressed  to 
atmospheric  pressure ;  subsequently,  W  opens  and  this  air  escapes. 

In  the  dotvn- stroke,  the  piston-valve  /  opens  at  once  and  air  passes 
from  the  under  to  the  upper  side  of  the  piston. 

The  advantages  of  Smeaton's  Pump  are  as  follows  : — 

(i.)  The  difficulty  of  working  is  far  less  than  in  an  ordinary  single- 
barrelled  pump,  because  in  the  greater  portion  of  the  complete  stroke 
the  pressure  on  top  of  the  piston  is  less  than  atmospheric  pressure. 

(ii.)  The  action  is  much  less  limited  by  the  clearance  at  the  bottom 
of  the  barrel,  the  valve  V  opening  more  readily  owing  to  the  reduction 
of  pressure  above  it. 

In  a  modified  form,  the  air  from  tlie  receiver  enters  the  side  of  the  barrel 
at  X,  and,  as  the  piston  descends  below  X,  this  air  flows  straight  on  to  its  upper 
side  witliout  having  to  lift  the  weight  oi"  any  valves. 


Fig.  79. 


191.  Tate's  Air  Ptinip  (Fig.  79)  has  two  pistons  P,  Q 
attached  to  the  piston-rod  at  a  distance  apart  of  rather 
less  than  half  the  length  of  the  barrel.  The  air  from 
the  receiver  enters  at  the  middle  of  the  barrel  at  /, 
aiid  valves  F,  G  open  outwards  at  both  ends. 


AIR   PUMPS. 


193 


The  action  is  as  follows  : — 

In  the  forward  stroke,  represented  in  Fig.  79,  the  air  in  QG  is  first 
compressed  to  atmospheric  pressure  and  then  forced  out  through  G. 
At  the  same  time  a  vacuum  is  formed  in  FP,  and  when  the  piston  P 
has  just  passed  beyond  K,  air  from  the  receiver  rushes  into  this 
vacuum. 

In  the  backward  stroke  this  air  is  forced  out  through  f ,  and  a  vacuum 
is  formed  in  QG  which  receives  air  when  the  piston  Q  has  passed 
beyond  Y. 

The  advantages  are  as  follows  : — 
(i.)  Double  action  with  a  single  barrel. 

(ii.)  No  valves  have  to  be  lifted  by  the  pressure  of  the  air  in  the 
receiver  ;  consequently  a  much  better  vacuum  is  obtainable. 

[It  is  ouly  after  the  air  has  been  compressed  at  the  euds  of  the  barrel  that  its 
pressure  has  to  lift  the  valves  F,  G.] 


*192.  Sprengel's  Air  Pump  (Fig.  80),  although 
called  a  "pump,"  has  no  pistons  or  valves.  The 
funnel  A  contains  mercuiy,  and  as  this  falls  down 
the  tube  AB  aii  from  the  receiver  enters  at  P  and 
is  carried  down  in  bubbles  alternating  with  colmnns 
of  mercury. 

The  air  bubbles  escape  into  the  atmosphere  at  the 
surface  of  the  cup  B. 

On  turning  olf  the  tap  H,  mercury  again  rises 
from  B  and  prevents  the  reflux  of  air,  its  height 
measuring  the  degree  of  exhaustion  as  in  a  barometer 
gauge. 

There  is  no  limit  to  the  exhaustion,  short  of  a 
perfect  vacuum,  provided  that  the  tube  PB  exceeds 
the  height  of  thj  mercurial  barometer. 


E2 


193.   The    ejector    of   a   Vacuum    Brake   is        j^^„  gQ 

similar  in  principle  to  Sprengel's  Pump,  but  a  power-  °' 

ful  jet  of  steam  from  the  locomotive  boUer  replaces 

the  mercury  column.      Tliis  jet    rushing   through  the  tub?,    as   in 

Fig.  81  (p.  192),  carries  with  it  the  air  fi-om  the  brakes,  producing 

a  very  fair  vacuum. 


194.  Tlie  Vacuum  Brake.  —  By  means  of  this  apparatus  the 
presvsure  of  the  atmosphre  is  made  to  apply  the  brakes  simultaneously 
to  the  wheels  of  all  the  carriages  in  a  railway  train.  The  brakes  on 
each  carriage  are  connected  by  levers  with  a  piston  P  working  in  a 
large  cylinder  (Fig.  81).  A  pipe  running  along  the  whole  train 
connects  these  cylinders  with  the  engine. 

HYDRO.  0 
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7Fhe7i  the  train  is  running,  the  ejector  on  the  engine  exhausts  the  air 


To  Draks 
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Fiff.  81. 


on  both  sides  of  the  piston  P  by  means  of  the  ball-valve    V.      The 
piston  P  remains  at  the  bottom  of  the  cylinder,  and  tha  brakes  ar3  off. 

To  stop  the  train,  air  is  readmitted  by  tha  train  pips  to  the  under 
side  of  the  piston  P,  but  the  ball-valve  /  closes  and  prevents  its 
passing-  to  th^  upper  side.  Hence  the  pressure  of  the  air  lifts  the 
piston  and  applies  the  brakes. 

195.  The  Westingliouse  Brake  is  worked  by  compressed  f;ir. 
Each  carriage  is  provided  with  a  receiver  R  (Figs.  82,  83),  a  brake 
cylinder  B  and  large  piston  P,  and  a  '^triple  valve'^  F  consisting  cf 
a  small  piston  Q  and  slide-valve  S. 


Fig.  82. 


Fig.  83. 


Wlten  the  train  is  running  (Fig.  82) ,  air  is  forced  into  the  traia  pipe 
by  a  condensing  pump  on  the  engine,  and  it  lifts  the  small  piston  Q 
and  enters  the  recei\er  R.  Any  air  in  the  brake  cylinder  B  can 
escape  through  the  slide-valve  5,  and  the  brakes  are  off. 

To  slop  the  train  (Fig.  83),  air  is  allowed  to  escape  from  the  train 
pipe.  The  excess  of  pressure  in  R  depresses  the  piston  Q  and  valve  S. 
Compressed  air  now  rushes  from  R  into  the  brake  cylinder  B,  pushes 
out  the  piston  P,  and  applies  the  brakes. 

[The  actual  working  apparatus  contains  many  additional  complications.) 
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SUMMAEY. 

1.  With  the  condensing  pump^  the  density  after  w  strokes 

= ~-  X  (density  of  atmospheric  air). 

2.  With  the  air  pump,  the  density  after  n  strokes 

=  f  — — -  I    X  (density  of  atmospheric  air). 
In  each  case,  A  =  volume  of  receiver,   B  =  volume  of  barrel. 

3.  The  different  air  pumps  can  be  classified  thus  : 

(rt)  Mechanical  air  pumps,  with  pistons  and  valves — 
(i.)  The  common  air  pump,  single  barrelled  ; 
(ii.)  Hawksbee's,  double  barrelled  ; 
(iii.)  Smeaton's  ; 

(iv.)  Tate's,  double  acting,  with  single  barrel. 
{b)  Air  pumps  worked  by  a  stream  of  iiuid — 
(i.)  Sprengel's  mercurial  pump  ; 
(ii.)  The  ejector  (steam). 

*4.  The  Vacuum  Brake  is  applied  by  atmospheric  pressure  on  piston 
in  a  vacuum  chamber,  while  the  Westinghouse  Brake  is  applied  by 
compressed  air  entering  brake  cylinder  on  reduction  of  pressure. 


EXAMPLES  XVIII. 

1.  The  volume  of  the  receiver  in  a  condensing  air  pump  being 
8  times  that  of  the  barrel,  after  how  many  strokes  will  the  density  of 
the  air  in  the  receiver  be  twice  that  of  the  external  air  ? 

2.  The  volimaes  of  the  receiver  and  barrel  of  a  condenser  are  in 
the  ratio  of  5  to  1 ;  find  the  density  of  the  air  in  the  receiver  after 
3  complete  strokes. 

3.  The  receiver  of  a  condenser  is  9  times  as  large  as  the  barrel ; 
how  many  strokes  must  be  made  before  the  density  of  the  air  in  the 
receiver  is  4  times  that  of  the  external  air? 

4.  Describe  the  common  air  pump,  and  state  the  principal  causes 
which  limit  the  action  of  a  p\mip  of  this  construction. 
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5.  The  volume  of  the  receiver  in  an  exhausting  air  pump  being 

8  times  that  of  the  barrel,  after  how  many  strokes  will  the  density  of 
the  air  in  the  receiver  be  half  that  of  the  external  air  ? 

6.  The  volumes  of  the  receiver  and  barrel  of  an  exhausting  air 
pump  are  in  the  ratio  of  6  to  1  ;  find  the  density  of  the  air  in  the 
receiver  after  4  complete  strokes. 

7.  The  volume  of  the  receiver  of  an  exhausting  air  pump  being 

9  times  that  of  the  barrel,  how  many  strokes  must  be  made  before 
the  density  in  the  receiver  is  one-third  that  of  the  external  air  ? 

8.  If  the  receiver  of  a  Tate's  air  pump  holds  90  grs.  of  air  at  the 
ordinary  pressure,  and  5  grs.  of  air  are  forced  out  of  the  piston-barrel 
in  the  first  half-stroke,  what  weight  of  air  will  be  left  in  the  receiver 
after  4  complete  strokes  of  the  piston  ? 

9.  In  one  exhausting  air  pump  the  voliune  of  the  barrel  is  one- 
tenth  of  that  of  the  receiver,  and  in  another  it  is  one-fifth  of  it. 
Show  that  the  densities  of  the  air  in  the  two  receivers  after  3  ascents 
of  the  pistons  are  as  12^  :  IP. 

10.  The  con'^ents  of  the  receiver  of  an  exhausting  air  pump  is 
6  times  that  of  the  barrel.  Find  the  elastic  force  of  the  air  in  the 
receiver  at  the  end  of  the  eighth  stroke  of  the  piston,  when  the 
atmospheric  pressure  is  15  lbs.  to  the  square  inch. 

1 1 .  Supposing  the  receiver  of  an  air  pump  to  be  made  of  such  a  form 
that  a  mercury  barometer  can  be  placed  inside,  and  its  voliune  to  be 
8  times  that  of  the  ban-el,  how  far  will  the  mercmy  have  fallen  at 
the  end  of  the  second  and  third  strokes,  the  height  of  the  mercury 
being  originally  729  mm.  ? 

12.  If  the  volume  of  the  space  between  the  bottom  of  the  pmnp- 
barrel  and  the  lower  surface  of  the  piston  when  the  latter  is  at  the 
end  of  its  downward  stroke  be  '01  cub.  in.,  and  the  volume  of  the 
pump-barrel  be  15  cub.  ins.,  find  the  pressure  of  the  air  in  the  receiver 
when  the  greatest  exhaustion  has  taken  place,  the  height  of  the 
barometer  being  30  ins.,  and  the  pump  being  supposed  in  other 
respects  perfect. 
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13.  If  the  volume  of  the  barrel  of  an  air  pump  is  4  cub.  ins.,  and 
there  is  a  clearance  of  -Jjj  cub.  in.  at  the  bottom,  find  the  pressure  in 
the  receiver  when  the  pump  ceases  to  act. 

14.  If  the  receiver  of  an  air  pump  is  connected  with  both  a 
barometer  gauge  and  a  siphon  gauge  whose  closed  end  is  empty, 
show  that  the  sum  of  the  heights  of  the  mercury  columns  in  the  two 
gauges  is  equal  to  the  height  of  the  barometer. 

15.  Why  is  Hawksbee's  air  pump  made  with  two  barrels,  and 
Smeaton's  with  only  one? 

Show  that  the  expression  for  the  density  after  n  strokes  is  the 
same  whether  the  common  air  pimip  or  Smeaton's  is  used. 

16.  A  Cartesian  diver  consists  of  an  indiarubber  figure  containing 
air,  and  loaded  so  as  to  just  rise  to  the  surface  in  water.  When 
placed  in  the  receiver  of  a  condenser,  the  diver  sinks.     Why  is  this  ? 

17.  The  area  of  the  piston  of  a  vacuum  brake  is  200  sq.  ins.  Find 
the  maximum  force  which  it  is  capable  of  exerting  when  the 
barometer  stands  at  29|  ins.  Is  it  easier  {theoretieally)  to  stop  the 
train  when  the  barometer  is  high  or  low  ? 

1 8.  Explain  what  happens  when  some  of  the  carriages  of  a  train 
fitted  wdth  the  Westinghouse  brake  become  detached  owing  to  the 
couplings  breaking. 
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EXAMINATION  PAPER  IX. 

1.  Describe  an  apparatus  suitable  for  inflating  the  pneumatic  tires 
of  a  bicycle. 

2.  The  volume  of  a  receiver  of  an  air  condenser  is  six  times  that  of 
the  barrel.  After  how  many  strokes  wiU  the  density  of  the  air  in  the 
receiver  be  five  times  that  of  the  external  air  ? 

3.  Describe  Hawksbee's  air  pump,  and  explain  the  advantage 
gained  by  the  use  of  two  pistons. 

4.  Find  the  pressure  of  the  air  in  the  receiver  of  an  air  pump  after 
«  strokes. 

5.  If  the  pressure  is  reduced  to  j  of  the  atmospheric  pressure  in 
6  strokes,  to  what  will  it  be  reduced  in  9  strokes  ? 

6.  How  may  the  degree  of  exhaustion  of  the  receiver  of  an  air 
pump  be  determined  by  a  body  floating  in  water  within  the  receiver  ? 

7.  If  the  barometer  stands  at  29*6  ins.,  what  will  the  mercurial 
gauge  of  an  air  pump  read  when  the  quantity  of  air  withdrawn  is 
6  times  as  much  as  the  quantity  left  in  the  receiver  ? 

8.  Describe  the  action  of  an  ordinary  pair  of  bellows.  How  can  a 
continuous  blast  of  air  be  obtained  as  in  the  forge  bellows  ? 

9.  A  siphon  is  made  to  transfer  mercury  from  one  vessel  to  another, 
the  whole  being  under  a  bell  jar.  When  the  air  is  exhausted  to 
one-third  of  its  original  density,  the  siphon  ceases  to  act.  Find  the 
height  of  its  highest  point  above  the  mercury  in  the  upper  vessel 
when  this  occurs. 

10.  Describe  and  explain  Hie  action  of  the  Vacuum  Brake. 
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Examples  I.     (Page  14.) 
3.  6i.  4,  30-3. 

Examples  II.     (Pages  21,  22.) 

1.  (i.)  5000OZ.,     5120  oz.,    31^  galls.,    32  galls.      (ii.)    120,000oz. 

122,880  oz.,  750  galls.,  768  galls,      (iii.)  40-92  oz.,  41-9oz., 
•256  gaU.,  -262  gaU. 

2.  (i.)  20gm.,272gm.,    -02  lit., -272  lit.     (ii.)  59fgni.,  Sl2^*^gm., 

•0597  lit.,  -8119  lit.    (iii.)  20952\gm.,  284952\gm.,  2^\lits., 
28-5  Hts. 

3.  101-28.  4.  100.  5.  49  :  26,  or  1-88  :  1.  6.  450. 

8.  (i.)  556ilb8.     (ii.)  6-57  oz.     (iii.)  32-4  oz.  (iv.)  8-35  lbs. 
(v.)  19-25  gm.  (vi.)  920kilog.  (vii.)  13,600  gm,  (viii.)  102-4 kilog. 

9.  (i.)  1-728.    (ii.)  1-32746.    (iii.)  -8.  (iv.)  l\^.    (v.)  4-16.   (vi.)  1-6. 

10.  2-5.  11.  96  :  1. 

16.  Unit  of  wt  =  yJ^yWt.  of  unit  vol.  of  standard  substance.    18.  Yes. 

Examples  III.     (Pages  31,  32.) 

1.  If.        2.  8-96  oz.        3.  -8.        5.  1-0689.     6.  3  :  1  by  vol. 
7.  H  +  ?K  +  ^2)-     8.  -154  0.0.        9.12.        10.  72  to  17  by  vol. 

11.  20-45  gm.  zinc,  7955  gm.  copper.    12.  3  of  heavier,  5  of  lighteiv 


3. 
5. 

1-24  and  1.                                           14. 
6  and  2.                                               17, 

,    {ri(*,      S   +Vs(s2-*)}/5. 

.  The  volumes  ar  j  equaL 

Examination  Papee  I. 

(Page  33.) 

1. 

See  §§  3,  5,  7.        2.  See  §§  12,  16. 

3.  1000.        4.  4000  lbs. 

6. 

See  §  22.                  6.  20. 

7.  4-264. 

8. 

jr,+  w. 

10.  27-24  oz  ,  nearly. 

r(W\ls,^lF,is,)'              •        ■ 

m 
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ExATVTPLES  IV.     (Pages  38,  39.) 

1.  2-84. 

3.  2-046.                4.  7-031. 

5.  -04. 

6.  1-38. 

7.  7-692.                 8.  2-5. 

a.  4-08  gm. 

10.  -028  sq.  cm.     11.  154  ft.  4  in.,  nearly.  12.  {B-w)l{A-w). 

Examples  V.     (Pages  46,  47.) 

3.  2-56231.        4.  115|fioz.       5.  21-6  in.  side.        6.    8.       7.  1-8. 

8.  7-31.  9.  2icub.  ft.         10.  2-975,   4-76  gm.  11,  -25. 
12.  f.             13,  36-42  c.c,  7-55.             14.  1-729.          16.  -85  sec. 

Examination  Papee  II.     (Page  48.) 

1.  5-6.  2.  2700  oz.  percu.ft.  3.  3  cm.    4.  See  §§  30-32.  5.  See  §  35. 
6.  -72.     7.2-6.     8.2.  9.-001293,14-46.     10.  See  §§  38,  39. 

Examples  VI.     (Pages  56-58.) 

1.  21.  2.  11-36.  3.  108foz.  4.  2-4. 

5.  8,  34-56  cub.  in.     6.  260  gm.     7.  9-6  gm.  8.  -1935. 

9.  -1935.         10.  111-6  gm.         11.  2  cub.,  in.  ;  7 '523  oz. 

12.  -7846.  13.  -803.                14.  6-158,  -842.  15.  1-841. 

16.  8-5,  -85.  17.  l-o.     18.  -94.     19.  19-2,  -72.  20.  -848. 

21.  50  c.c.  22.  4-53125  lbs.     23.  2080  gr.     24.  -865.   25.  7-5. 

26.  191  lbs.  27.  if.                    29.1-00352:1.  30.  100  c.c. 

Examples  VII.     (Pagls  67-69.) 

1.   18  :  19.  2.  10  oz.  3.  foz.  4.  1-5.  5.  14  gm. 

6.  2-84.  7.  2f.  9.  1-03.       10.  7ii  or  7'3863  c.c. 

11.  190  :  191.      12.  ffi.     13.  3-456,  3-142,  2-88  cub.  in.     14.  1/3. 

15.  — — — ,     — ^^1^^^^ — ,   where  «  and  b  are   the    readings    corre- 
sponding to  specific  gravities  1  and  -8. 
16.1-728.     17.^.     18.  6|oz.     19.  1-4  cm.     20.  3^  ft. ;  f 

Examination  Papee  III.     (Page  70.) 

1.  See  §44.        2.7-5.  3.  "6.  4.-96.  5.  See  §48. 

6.  3-6.  7.  See  §  59.     8.  See  §§  53-58.     9.  3-5.     10.  -9. 
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Examples  VIII.     (Page  82.) 

1.  864  :  25  or  34-56  :  1.     2.  (i.)  81  :  80.    (ii.)  1  :  9.   (iii.)  400  :  23. 

3.  (i.)  34560.     (ii.)  69120.     (iii.)  S^a.     (iv.)  729^. 

4.  (i.)  1030.     (ii.)  1,030,000.     (iii.)   1030.     (iv.)  101,043. 

5.  983,430.  6.  172,800  lbs.  per  sq.  in.  7.  64  lbs. 
8.  100  gm.,  100  gm.,  120  gm.,  48  gm.  ;  -0048,  -0048,  '004,  -01. 


Examples  IX.     (Pages  90,  91.) 

1.  127fTl"b8.  persq.  cm.,  nitons,  571f.  2.  14,400 lbs. 

3.  (i.)  12|lb8.      4.  7  :  1.      5.  lOeq.  in.       7.  268-8  lbs.  per  sq.  in. 
8.  44  lbs.  9.  38,880.  10.  147  tons  weight. 

Examination  Paper  IV.     (Page  92.) 

1.  See  §§68,  69.  2.  7185  dynes  per  sq.  cm.,  nearly. 

3.  See  §§73,  79.  4.  9foz.  5.  See  §87.  6.  1921bs. 

7.  See  §81.  8.  5  tons.  9.  100  lbs.  10.  80  :  1. 

Examples  X.     (Pages  107,  108.) 

1.  139.  2.  -434. 

3.  (i.)  13-021  lbs.  per  sq.  in.         (ii.)  237ylbs  porsq.  in. 

(iii.)  102-4  kilog.  per  sq.  cm.  (iv.)  1-0336  kilog.  persq.  cm. 

4.  On  the  sp.  weight  of  the  fluid.     5.  250 lbs.  persq.  ft.,  1250 lbs. 

6.  The  thrusts  on  the  bases  are  8437^  lbs.,  13,000 lbs.,  21,437^  lbs. 

7.  i-|^ lb.  persq.  in.  8.  72  ft.  9.  4-4 in.,  nearly. 
10.  22i  fathoms,  allowing  for  atra.  pressure.    11.  320  lbs.  12.  2:1. 

15.  P  +  rsM7,  where  to  is  weight  of  unit  volimie  of  standard  substance. 

16.  260cwt.  17.  56-7  lbs.  persq.  in. 
18.  1188-481b8.  persq.  in.                20.  98ft. 

21.  14-71bs. persq.  in.  22.  16 lbs.  persq.  in. 

EXAMPLES   XI.      (P.VGKS    113,   114.) 

2.  10^  lbs.  per  sq.  in.  3.  Sl^lbs.  4.  2-62  lbs. 

5.  Thrust  on  base  =  23-408  kilog.  6.  4  ins.  water,  5  ins.  oiL 
7.  See  §114.                8.  6  ins.  9.  Sfg^pOZ. 
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Examples  XII.     (Pages  123-125.) 

1.  1250  lbs.,  13121  lbs.  2.  1  :  4.  3.  3  :  2. 

4.  ^?kilog.  5.  No.  6.703,125.  7.  5-441  tons. 

8.  447-3  tons,  nearly.  9.  2500  oz.,  3000  oz.,  3500  oz. 

10.  32,266f  tons,  484,000 tons.  11.  104^  oz.,  166|  oz.,  229ioz. 

12.  aiilbs. 

13.  h  :  h—  -~  .  h+  ~  where  h  is  the  given  depth  and  b  the  length 

of  the  other  edge. 

14.  i  and  -^-^  of  the  weight  of  water  in  hemi-^i^here,  respectively. 

15.  21-82  oz.  16.  21-82  0Z.  17.  xv  [a^z^->tac,z^^  ...). 
19.  118^\lb8.                20,  93|ton8.            .    2-1.  43f|lbs.,  9|f|lb8. 
22.  J£alf-way  down. 


Examination  Pap-.e  V.     (Page  126.) 

1.  See  §§  78,  91.        2.  See  \  92.        3.  7500,  3,584,OOjO,  approx. 
4.  See  §97.  5.  See§§  116,  117. 

6.  40711  oz.,  M25||oz.  7.  27,623  tons,  nearly. 

8.  Thrust  on  top  face  =  159|  lbs.,  on  bottom  face  =  265^  lbs., 

on  each  side  face  =  21 2 libs. 
9-  25f|lbs.  10.  See  §103. 

Examples  XIII.     (Pages  133-137.) 

2.  Yw  ().—s)\  increased.  3.  Vw{s—\)\  increased. 
4.  5  :  52  ;  lead  ;  \\  of  weight  of  lead.  5.  31  gm. 
6.  125  gm."                 7.  461bs.                   8.  216  cub.  in.,  108  cub.  in. 

9.  137  :  134.'  10.  2131-3  gm.  11.  Edge  =  28-8  in. 
13.  x% area  immer^fed.                     14.  7*4 oz.  nearly.  15.  I^W. 

17.  The  wood  will  rise,  as  it  now  displaces  oil  instead  of  air. 

18.  Volumes  10  :  3  ;  weights  440  :  171. 

19.  3  parts  in  oil,  1  part  in  mercury.  22.  -72. 

23.  6-25  cm.  24.  •25  cm.  25.  1  :  2.  26.  ^vol. 

27.  3-71  :  1.  29.  8-15  nearly.      30.  f  in  ether,  fin  water. 

31.  The  scale -pan  on  which  the  vessel  is  placed  will  go  down,  for  the 

level  of  the  water  is  raised,  and  consequently  the  pressure 
on  the  base  is  increased. 

32.  252-65  gr.  33.  500  c.c,  500  25  c.c,  nearly. 
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Examination  Papee  VI.     (Page  138.) 
1.  See  §  117.  2.  500  v/3  oz.  3.  4-62  kilog.,  3-542  kUog. 

4.  66-4  gm.,  2556-4  gm.  5.  5033-6  gin.  ;  14-3  gm.  persq.  cm. 

6.  See  §122.        7.  ^.  8.  200  cc.     9.  l-l'.       10.  152  gm. 

Examples  XIV.     (Pages  151,  152.) 
1.  -0013;  No.  2.  45,004  5  litres.  3.  1155  lbs.  6.  No. 

7.  33 -408  ft.  8.  13-281  and  15-003  lbs.  persq.  in. 

10.  29-7481  in. 

1 1.  425  poundals  persq.  m.,  800,496  dynes  persq.  cm. 

12.  6,045,228  dynes  persq.  cm.  ;  6  :  1  nearly. 

14.  1|  in.  rise.  15.  fin.  16.  5366  miles. 

Examples  XV.     (Pages  161-164.) 
I.  1-122  kilog.  2.  4  in.,  36  in.  3.  |  atmosphere. 

5.  68  in.  e.  Enough  Iw  fiU  12  in.  of  tube. 

7.  Enough  to  fill  46  in.  of  tube.     8.  63  cm.  if  section  be  1  sq.  cm. 
10.  The  mercury  rises  1 1  cm.  11.  -01  c.c. 

12.  -0006  cub.  in.         13.  -163  cub.  in.         14.  14-*  ft.        16.  4cc. 
19.  -078  lbs.  20.  1742  metres,  nearly.  21.  337:342. 

22.  Density  of  air  increases,  weight  of  the  body  in  air  decreases, 

the  string  contracts. 

23.  -0024  less  of  its  edge  immersed.  26.  3^_. 

Examination  Papee  VII.  (Page  165.) 

1.  See  §135.                           2.  -00119.  3.  1260gm. 

4.  See  §  151.              5.  10  lbs.  l^\  oz.  6.  40  lb.  to  the  sq.  in. 

8.  1-025.                      9.  a^sq.in.  10.  '65  in. 

Examples  XVI.       (Pages  173,  174.) 
1.  34-283  ft. 

3.  The  highest  point  must  be  less  than  21^  ft.  above  the  level  of 

the  liquid  in  the  vessel. 

4.  3ff  lbs.  per  sq.  in.  5.  22i  ft.  6.  9  63  ft. 
7.  750  cub.  ft.                                  8.  102  ft.                    9.  9961  ft. 

10.  400  cub.  ft.  11.  2  c.c. 

12.  (i.)  Air  rushes  out.     (ii.)  No  change,     (iii.)  Water  rushes  in. 

13.  T:«^a.  14.  1120  ft.  15.  5-19  ft. 
I7t  In  water  ;  in  the  latter  case. 
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Examples  XVII.     (Pages  182,  183.) 

1.  The  atmospheric  pressure,  forcing  the  water  up,  is  less. 

2.  48  ft. -lbs.         3.  33-074  ft.  4.  33  ft.  4  in.  5.42  ft.  1  in. 
6.  4  ft.                   7.  2  ft  10  in.         8.  sV^ft.  longer.  9.  No. 

10.  173-61  lbs.      13.  An  air-vessel ;  see  \  179.  14.  17  ft. 

Examination  Paper  VIII.     (Page  184.) 

1.  See  §  163  ;  the  vertical  height  of  the  highest  point  of  the  siphon 

above  the  level  of  the  water  must  be  less  than  the  height  of 
the  water  barometer. 

2.  (i.)  and  (ii.)  The  liquid  in  the  two  branches  flows  in  opposite 

directions  from  the  point  at  which  the  hole  is  made ;  the 
siphon  empties  itself  and  ceases  to  work. 

3.  5  ft.  4.  See  §§  164-169.  5.  See  §  170 

6.  Air  will  escape  through  the  hole,  and  water  wiU  rise  in  the  bell 
to  the  level  of  the  hole.  7.  441^  cub.  ft. 

8.  Air  will  escape  through  the  siphon  and  water  will  rise  in  the  bell. 

9.  See  §§  172-175.  10.  75  ft. -lbs. 

Examples  XVIII.     (Pages  195-197.) 

1.  8.         2.  1-6.         3.  27.  5.  6.  6.  -5398.  7.  11. 

8.  About  59  gr.       10.  4-37 lbs.  per sq. in.    11.  153mm.;  2l7mm. 
12.  '02  in.  of  mercury.  13.  -15  in.  of  mercury. 

16.  The  increase  of  pressure  diminishes  the  volume  of  the  air  in  the 

diver,  and  therefore  the  weight  of  the  fluid  displaced  dimi- 
nishes ;  the  diver  therefore  sinks. 

17.  2902  lbs.     When  the  barometer  is  high. 

Examination  Paper  IX.     (Page  198.) 

1.  See  §182.        2.  24.        3.  See  §  187.       4.  See  §  188.        5.  k- 

6.  The  body  sinks  in  the  water  as  the  air  is  exhausted ;    if  the 

volume  of  the  body  {e.ff.,  a  vertical  cylinder)  be  graduated, 
the  density  of  the  ah'  it  displaces  can  be  calculated  from  the 
respective  volumes  immersed  in  water  and  air. 

7.  4-23  in.  9.  10  in.  10.  See  §194. 
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Barometer    143-150 
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,,         ;  Corrections  148 

,,         ,  Determination  of  heights  by 159 

Beaume's  hydrometer 65 

Boyle's  Law 153-159 

Brake,  Vacuum    193 

,,     ,  Westinghouse 194 

Bramah  press    83-89 

Buoyancy 40 

pAISSONS 172 

^     Centre  of  pressure  121 

Clearance  in  air  pump    179,  191 

Cohesion    14 

Common  pump  (water)    175 

Condensing  air  pump,  or  Condenser     185 

Conditions  of  equilibi'ium  of  a  floating  body 128 

Corrections  for  barometer  148 

•rvENSITY 16 
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,,          of  air  140 
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Diving  bell   170 


206  INDIiX. 

PAGE 

T^NGLISH  system  of  units  1,  15 

TORE  ENGINE  181 

-^      Floating  body 41 

Floating  body,  Conditions  of  equilibrium  of  128 

Fluid,  Definition  of     11 

,,    ,  Fundamental  Property  of  72 

,,     pressure  71-79,  93-97 

,Law8of 72,76,79,93,94 

Force,  Units  of     5 

Forcing  pump  180 

Fundamental  law  of  Hydrostatics    79 

,,  •  property  of  a  fluid  72 

pASES    11 

^     ,,     ,  Specific  gravity  of 160 

Gauges  168,  169 

Glycerine  barometer    144 

TT  ARE'S  hydrometer 166 

•*- *-     Hawksbee's  air  pump  189 

Heavy  liquids      93-105 

Heights,  Determination  of 159 

Hydraulic  lift  104 

„         press   83-89 

Hydrometer,  Beaiune's  and  Twaddell's 66 

,,  ,  Common    63 

,,  ,  Hare's 166 

,,  ,  Nicholson's   69 

,,  ,  Sikes' 66 

Hydrostatic  balance    42 

,,  ,,       ,  Use  of  49 

Hydrostatics,  Fundamental  law  of  79 

"IMMERSED  bodies 42 

T  ACTOMETER   66 

•^^     Laws  of  fluid  pressure    72,  76,  79,  93,  94 

Level,  Water 101 

Lift,  Hydraulic    104 

,,     pump    179 

Liqiiids,  Non-mixing 109 

,,       and  gases    11 

Liquid,  Heavy  93-105 

,,    ,  Specific  gravity  of 52,  60,  63 

,,    ,  Surface  horizontal , 13,  98 
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,  Average 78,  118 
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proportional  to  density 154 

,  Boyle's  law 153-169 
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Pimips,  Water  and  air    175,  185 

CATETY  valve 88 

^     Sikes'  hydrometer  66 

Siphon    166 

Smeaton's  air  pxmip    192 

Specific  gravity;  introductory 18-20 

,,     of  mixtures 23-29 

,,     by  measurement 34 

,,     bottle     34 

,,     of  solid 36,  49,  53,  61 

,,     ,,  light  solid    50,62 

„     ,,  Hquid   52,60,63 

weight     17 

Sprengel's  air  pump    193 

Steam  hammer 90 

Submerged  body,  Equilibrium  of 128 

Suspended  body,  Eqiulibriimi  of 129 

Surf  ace  of  liqmd  horizontal   13,  98 

rrATE'S  airpump    192 

*-     Thrusts  on  areas   71,116 

Thrusts,,  Resultant,  on  bodies 127 
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level 101 

pump,  Common 175 
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"The  notes  are  all  that  could  be  ^qs^c^."— Schoolmaster. 
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BMttona  ot  Hattn  anO  (Bceeft  Claseicd* 

(INTEODUCTION,    TEXT,    AND    NOTES.) 

Books  marked  (t)  are  in  preparation. 


Aeschylus  —  tEumenides,  3/6  ; 
Persae,  3/6  ;  Prometheus,  2/6  ; 
Septera  contra  Thebas,  3/6. 

Aristophanes— li<inae,  3/6. 

Caesar— Gallic  War,  Bks.  1, 2,  3, 
4,  6,  6,  (each)  1/6;  Gallic  War, 
Bk.  1,  Ch.  1-29,  1/6;  Gallic 
War,  Bk.  7,  2/6  ;  Gallic  War, 
Bk.  7,  Ch.  1-68,  1/6;  Invasion 
of  Britain  (IV.  20- V.  23),  2/6. 

Cicero— Ad  Atticum,  Bk.  4,  3/6  ; 
De  Araicitia,  1/6  ;  De  Finibus, 
Bk.  1,2/6;  De  Finibus,  Bk.  2, 
3/6;  De  Omciis,  Bk.  3,  3/6; 
fPhiUppic  II.,  3/6  ;  Pro  Cluen- 
tio,  3/6;  Pro  Milone,  3/6;  Pro 
Plancio,  2/6;  De  Seiiectute,  In 
Catilinam  I.,  Pro  Archia,  Pro 
Balbo,  Pro  Marcello,  (each 
Book)  1/6. 

Demosthenes — Androtion,  4/6  ; 
Meidias,  5/0. 

Edripides — Alcestis,  3/6;  Andro- 
mache, 3/6  ;  Bacchae,  3/6  ; 
Hecuba,  3/6 ;  Hippoly  tus,  3/6  ; 
tMedea,  3/6. 

Hekodotds— Bk.  3,4/6;  fBk.  4, 
Ch.  1-145,  4/6;  Bk.  6,  2/6; 
Bk.  8,  3/6. 

Homer— Iliad,  Bk.  6,  1/6  ;  Hiad, 
Bk.  24,  3/6  ;  Odyssej',  Bks.  9, 
10,  2/6  ;  Odyssev,  Bks.  11,  12, 
2/6  ;  Odvsse)',  Bks.  13,  14,  2/6; 
Odyssey,' Bk.  17,  1/6. 

Horace— Epistles,  3/6;  Epodes, 
1/6;  Odes,  3/6:  Odes,  (each 
Book)  1/6  ;    Satires,  4/6. 

Isocrates — De  Bigis,  2  6. 


Juvenal — Satires,  1,  3,  4,  3/6  ; 
Satires,  8,  10,  13,  2/6;  Satires, 
11,  13,  14,  3/6. 

LrvY— Bks.  1,  6,  21,  (each)  2/6; 
Bks.  3,  6,  9  (each),  3/6;  Bk. 
21,  Ch.  1-30,  1/6;  Bk.  22,  Ch. 
1-51,  2/6. 

LuciAN — Charon  and  Timon,3/6. 

Lysias — Eratosthenes  and  Ago- 

ratus,  3/6. 
Nepos — Hannibal,  Cato,  Atticus^ 

1/0. 

OviD— Fasti,  Bks.  3,  4,  2/6; 
Heroides,  1,  5,  12,  1/6  ;  Meta- 
morphoses, Bk.  1,  1-150,  Bks. 
tl,  11,  13,  14,  (each)  1/6; 
Tristia,  Bk.  1,  1/6. 

Plato — Apology,  Ion,  Laches, 
Phaedo,  (each)  3/6. 

Sallust — Catiline,  2/6. 

Sophocles— A j ax,  3/6 ;  Antigone, 
2/6 ;  Electra,  3/6. 

Tacitus— Annals,  Bk.  1,  3/6; 
Annals,  Bk.  2,  2/6  ;  Histories, 
Bk.  l.,3/6. 

Terence — Adelphi,  3/6. 

Thucydides— Bk.  7,  3/6. 

Vergil — Aeneid,  Books  1-12, 
(each)  1/6 ;  Eclogues,  3/6  ; 
Georgics,  Bks.  1,  2,  3/6. 

Xenophon— Anabasis,  Bk.  1.  1/6; 
Anabasis,  Bk.  4,  3/6 :  Cyro- 
paedeia,  Bk.  1,  3/6;  Hellenica. 
Bk.  3,  3/6;  Hellenica,  Bk.  4. 
3/6  ;  Oeconomicus,  4/G. 
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Grammars  and  Readers. 

The  Tutorial  Greek  Reader.  With  Vocabularies.  By  A.  Waugh 
Young,  M.A.  Lond.,  Gold  ISIedallist  in  Classics,  Assistant  Ex- 
aminer at  the  University  of  London.     Second  Edition.     2s.  6d. 

The  Tutorial  Greek  Course.  [/«  preparation. 

Higher  Greek  Reader:  A  Course  of  132  Extracts  from  the  best  writers, 
in  Three  Parts,  -with  an  appendix  containing  the  Greek  Unseens 
set  at  B.A.  Lond.  1877-1897.     3s.  6d. 

The  Tutorial  Latin  Dictionary.     By  F.  G.  Plaistowe,  M.A.  Lond. 
and  Camb.,  Gold  Medallist  in  Classics,  late  Fellow  of  Queens' 
College,  Cambridge.     6s.  6d. 
"  A  good  specimen  of  elementary  dictionary-making."— ^rfMca^/ona/  Times. 
"A  sound  school  dictionary."— y5j)eaA;er. 

The  Tutorial  Latin  Grammar.  By  B.  J.  Hates,  M.A.  Lond.  and 
Canib.,  and  W.  F.  Masom,  M.A.  Lond.    Fourth  Edition.    3s.  6d. 

"  Practical  experience  in  teaching  and  thorough  familiaiity  with  details  are 
plainly  recognisable  in  this  new  Latin  Grammar." — JSducational  Netvs. 

"It  is  accurate  and  full  without  being  overloaded  with  detail,  and  varieties  of 
type  are  used  with  such  effect  as  to  minimise  the  work  of  the  learner.  Tested  in 
respect  of  any  of  the  crucial  points,  it  comes  well  out  of  the  ordeal." — Schoolmaster. 

The  Tutorial  Latin  Grammar,  Exercises  and  Test  Questions  on.  By 
F.  L.  D.  RionARDSON,  B.A.  Lond.,  and  A.  E.  W.  Hazel, 
LL.D.,  M.A.,  B.C.L.     Is.  6d. 

"This  will  be  found  very  \iseful  by  students  preparing  for  University  examina- 
tions."—  Wcsimi)istcr  liecieic. 

The  Preceptors'  Latin  Course.    By  B.  J.  Hayes,  M.A.    [In  the  press. 

Latin  Composition.  With  copious  Exercises.  By  A.  H.  Allcroft, 
M.A.    Oxon.,   and  J.  H.    Haydon,    M.A.    Lond.    and   Camb. 

Fifth  Edition,  revised.    2s.  6d. 

"This  useful  little  book."— Jo«/«rt/  of  Education. 

"  Simplicity  of  statement  and  arrangement:  apt  examples  illustrating  each  rule; 
•exceptions  to  these  adioitly  stated  just  at  the  proper  place  and  time,  are  among  some 
of  the  striking  characteristics  of  this  excellent  book." — Schoolmaster. 

"The  clearness  and  concise  accuracy  of  this  book  throughout  are  truly  remark- 
able."— Education. 

Higher  Latin  Composition.  By  A.  H.  Allcroft,  M.A.  \_In preparation. 
The  Tutorial  Latin  Reader.    With  Vocabulary.    2s.  6d. 

"A  soundly  practical  \}ox^."— Guardian. 

Advanced  Latin  Unseens :  Being  a  Higher  Latin  Reader.     Edited  by 
H.  J.  Maidmknt,  M.A.  Lond.  and  Oxon.,  and  T.  11.  Mills,  M.A. 
Oxon.     3s.  6d. 
"A  work  which  will  be  found  generally  useful  by  students.      The  notes  are 
valuable." —  M'eaiminster  Ruciew. 

"  Contains  some  good  passages,  which  have  been  selected  from  a  wider  field  than 
that  previously  explored  by  similar  manuals."— C(«H*6rtV/ye  Review. 
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The  Tutorial  History  of  Rome.     (To  14  a.d.)     By  A.  H.  Allckoft, 
M.A.Oxon.,aiidW.F.MASOM,M.A.Lond.    With  Maps.     3s.  6d. 
"  It  is  -well  and  clearly  written."— ^a^tw^Za?/  Review. 

The  Tutorial  History  of  Greece.  (To  323  B.C.)  By  W.  J.  Wood- 
house,  M. A.  Oxon.  [In  preparation: 

A  Longer  History  of  Rome.  By  A.  H.  Allceoft,  M.A.  Oxon., 
and  others  (each  volume  contains  an  account  of  the  Literature  of 
the  Period) — 

390—202  B.C.     4s.  6d.  133—78  B.C.     3s.  6d. 

287-202  B.C.     3s.  6d.  78—31  B.C.     3s.  6d. 

202—133  B.C.     3s.  6d.  31  B.C.— 96  a.d.     3s.  6d. 

"  This  volume  (133—78  b.c.)  gives  a  vigorous  and  carefully  studied  picture  of  the 
men  and  of  the  time." — Spectator. 

"  Written  in  a  clear  and  direct  style.  Its  authors  show  a  thorough  acquaintance 
with  their  authorities,  and  have  also  used  the  works  of  modern  historians  to  good 
effect." — Journal  of  Education  (on  the  period  31  b.c. — 96  a.d.). 

A  Longer  History  of  Greece.  By  A.  H.  Allckoft,  M.A.  Oxon., 
(each  volume  contains  an  account  of  the  Literature  of  the 
JPeriod) — 

To  495  B.C.     3s.  6d.  404:— 362  B.C.    3s.  6d. 

495—431  B.C.     3s.  6d.  371—323  B.C.    3s.  6d. 

431—404  B.C.     3s.  6d.        Sicily,  490—289  B.C.    3s.  6d. 

"For  those  who  require  a  knowledge  of  the  period  (to  495  b.c.)  no  better  book 
oould  be  recommended." — Edticational  Times. 


ienQli0b  Ibietorij. 


The  Tutorial  History  of  England.  By  C.  S.  Feakenside,  M.A. 
Oxon.  [In  preparation. 

The  Matriculation  History  of  England.  By  0.  S.  Feakenside, 
M.A.  Oxon.     (To  1702  A.D.)     3s.  6d. 

"The  ingenious  arrangement,  nimierous  synopses,  cross-references,  and  excellent 
index  will  enable  the  student  to  work  out  almost  any  problem  suggested  by  Ixis 
tutor  or  .set  in  past  examination  papers.  "We  can  heartily  recommend  it." — 
Guardian. 

""We  can  heartily  commend  it.^^— Schoolmaster. 

"For  the  upper  forms  of  schools  the  volume  is  specially  suited." — Morning  Post . 

The  Intermediate  Text-Book  of  English  History :  a  Longer  History 
of  England.  By  C.  S.  Feahenside,  M.A.  Oxon.,  and  A. 
Johnson  Evans,  M.A.  Camb.,  B.A.  Lond.  With  Maps  &  Plans. 

Vol.  I.,  to  1485  {In preparation.)    VOL.  III.,  1603  to  1714.    4s.  6d. 

Vol.  TI.,  1485  to  1603.     4s.  6d.       Vol.  IV.,  1714  to  1837.   4s.  6d. 

"  It  is  lively ;  it  is  exact ;  the  style  is  vigorous  and  has  plenty  of  swing ;  the  facts 
are  numerous,  but  well  balanced  and  admirably  urTSLUgeA."— Education. 
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frencb. 


The  Tutorial  French  Accidence.    By  Ernest  Weekley,  M.A.  Lond., 
Professor   of   French,   University   College,   Nottingham.      "With 
Exercises,  Passages  for  Translation  into  French,  and  a  Chapter 
on  Elementary  Syntax.     Third  Edition.     3s.  6d. 
"We  can  heartily  recommend  iV —Schoolmaster . 

The  Tutorial  French  Syntax.    By  Ernest  Weekley,  M.A.  Lond., 
and  A.  J.  Wyatt,  M.A.  Lond.  «fe  Camb.  With  Exercises.    3s.  6d. 

"It  is  a  decidedly  good  book  and  should  have  a  ready  sale." — Guardian. 

"  Mr.  "VTeekley  has  produced  a  clear,  fuU,  and  careful  Grammar  in  the  '  Tutorial 
French  Accidence,'  and  the  companion  volume  of  Syntax,'  by  himself  and  Mr. 
Wyatt,  is  "svorthy  of  it." — Saturday  Revietc. 

The  Tutorial  French  Grammar.      Containing  the  Accidence  and  the 
Syntax  in  One  Volmne.      48.  6d. 

The  Preceptors'  French  Course.  By  E.  Weekley,  M.A.  Lond.    'is.  6d. 

"The  execution  is  distinctly  an  advance  on  similar  courses." — Journal  of 
Education. 

"  A  clear  and  satisfactory  book  on  the  elements  of  French  Grammar,  The  use  of 
tenses  and  irregular  verbs  are  well  treated,  and  the  exercises  well  chosen." — Academy. 

"  A  practical  work,  which  will  be  most  helpful  to  students  preparing  for  examina- 
tions. Both  the  rules  and  the  exercises  set  upon  them  are  concise  and  much  to 
the  point." — Educational  Revieic. 

French  Prose  Composition.    By  E.  Weekley,  M.A.  Lond.     3s.  6d. 

"  The  arrangement  is  lucid,  the  rules  clearly  expressed,  the  suggestions  really 
helpful,  and  the  examples  carefully  chosen." — Educational  Times. 

"  We  like  the  plan  and  arrangement  of  this  book,  which  wiU  be  welcome  to 
London  candidates  and  more  advanced  students." — Guardian. 

"A  handy  and  trustworthy  guide.  The  practical  hints  are  excellent."— 5*. 
James's  Budget. 

The  Preceptors'  French  Header.    By  Ernest  Weekley,  M.A.  Lond. 
With  Notes  and  Vocabulary.     Second  Edition.     Is.  6d. 
"A  very  useful  first  reader  with  good  vocabulary  and  sensible  notes."— 5cAoo/- 
master. 

French  Prose  Reader.    Edited  by  S.  Barlet,  B.  hs  Sc,  Examiner 
in  French  to  the  College  of  Preceptors,  and  W.  F.  Masom,  M.A. 
liond.      With  Notes  and  Vocabulary.     Third  Edition.     2s.  6d. 
"Admirably  chosen  extracts.    They  are  so  selected  as  to  be  thoroughly  interesting 

and  at  the  same  time  thoroughly  illustrative  of  all  that  is  best  in  French  literature." 

— School  Board  Chronicle. 

A,dvauced  French  Header:    Containing  passages  in  prose  and  verse 

representative  of  all  the  modem  Authors.     Edited  by  S.  Barlet, 

B.  hs  Sc,  Examiner  in  French  to  the  College  of  Preceptors,  and 

W.  F.  Masom,  M.A.  Lond.     Second  Edition.     3s.  6d. 

"Chosen  from  a  large  range  of  good  modem  authors,  the  book  provides  excellent 

practice  in  'Unseens.' " — Schoolmaster. 

Higher  French  Reader.  Edited  by  Ernest  Weekley,  M.A.  38.  6d. 

"  The  passages  are  well  chosen,  interesting  in  themselves,  and  representative  of 
the  best  contemporary  stylists."— >/b«rno/  of  Education. 
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jBnQlxBh  XauQuaac  anb  Xiterature. 

The  English  Language :  Its  History  and  Structure.     By  W.  H.  Low, 
M.A.  Lond.    With  Test  Questions.    Eifth  Edition.     3s.  6d. 

Contents  : — The  Relation  of  English  to  other  Languages — Survey 
of  the  Chief  Changes  that  have  taken  place  in  the  Language — 
Sources  of  our  Vocabulary — The  Alphabet  and  the  Sounds  of 
English — Grimm's  Law — Gradation  and  Mutation — Trans- 
position, Assimilation,  Addition  and  Disappearance  of  Sounds  in 
English — Introductory  Eemarks  on  Grammar — The  Parts  of 
Speech,  etc. — Syntax — Parsing  and  Analysis — Metre — 320  Test 
Questions. 

"  A  clear  workmanlike  history  of  the  English  language  done  on  sound  principles." 
— Saturday  Eevietc. 

"  The  author  deals  very  fully  with  the  source  and  growth  of  the  language.  The 
parts  of  speech  arc  dealt  with  historically  as  well  as  grammatically.  The  work  is 
scholarly  and  accurate." — Schoolmaster. 

"  It  is  in  the  best  sense  a  scientific  treatise.  There  is  not  a  superfluous  sentence." 
—Educational  News. 

The  Preceptors'  English  Grammar.      With  numerous  Exercises.      By 
W.  H.  Low,  M.A.  Lond.,  and  Arnold  Wall,  M.A.  Lond. 

[/«  the  press. 

English  Literature,  The  Tutorial  History  of.      By  A.  J.  Wfatt, 
M.A.  Lond.  and  Camb.     2s.  6d. 

"This  is  undoubtedly  the  best  school  history  of  literature  that  has  yet  come 
under  our  notice." — Guardian, 

"  A  very  competent  piece  of  workmanship." — Educational  News. 

"  It  is  excellent.  The  judgments  are  sensible  and  simply  stated ;  the  selections 
are  chosen  independently  and  s'kiMuWy ." —Expository  Times. 

"  This  is  a  scholarly  and  yet  a  simple  manual,  written  with  admirable  lucidity  and 
conciseness." — Glasgow  Herald. 

The  Intermediate  Text-Book  of  English  Literature.  By  W.  H.  Low, 
M.A.  Lond.,  and  A.  J.  Wyatt,  M.A.  Lond.  and  Camb. 

Part  I.  (to  1660),  3s.  6d. ;  Part  II.  (1660-1832),  3s.  6d. 

"  Really  judicious  in  the  selection  of  the  details  given." — Saturday  Review. 

"A  serviceable  student's  digest  of  an  important  period  in  our  literature." — 
Schoolmaster. 

"This  volume  seems  both  well-informed  and  clearly  written.  The  illustrative 
solections  are  very  happily  chosen.  Those  who  need  a  handbook  of  literature  will 
not  readily  find  a  more  workmanlike  example  of  this  size  and  price." — Journal  of 
Education. 

"  The  historical  i-)art  is  concise  and  clear,  but  the  criticism  is  even  more  valuable, 
and  a  number  of  illustrative  extracts  contribute  a  most  useful  feature  to  the  volume. 
As  a  compendimn  for  examination  purposes  this  volume  ought  to  take  high  rank." — 
School  World. 

"A  very  serviceable  text-book,  closely  analytic  throughout,  with  fairly  safe 
judgments  and  adequate  provision  of  specimens.  Two  more  competent  editors  of  a 
text-book  on  English  authors  it  would  have  been  difficult  to  ^nd."—Educatio}ial 
Times. 


THE  UNIVERSITY  TUTORIAL  SERIES. 


j£nQl\Bh  Claeaice, 


Addison. — Essays  on  Milton,  Notes  on.   By  W.  H.  Low,  M.A.  2s. 
Chaucer. — Prologue,  Knight's  Tale.    By  A.  J.  Wyatt,  M.A.  Lond. 
and  Camb.,  with  a    Glossary   by   S.   J.  EvANS,   M.A.    Lond. 
2s.  6d.     Also  separately,  The  Prologue,  Is. 
"The  notes  are  of  real  value." — Educational  Review. 
"  Quite  up  to  date.    The  Glossary  ia  excellent."— ^Ifoj'nin^  Post. 

Chaucer. — Man  of  Lawes  Tale,  with  the  Peologue  to  the  Cantee- 
BURY  Tales.  Edited  by  A.  J.  Wyatt,  M.A.  Tjond.  and  Camb., 
with  a  Glossaey  by  J.  Malixs,  M.A.  Lond.     2s.  6d. 

Dryden.— Essay  of  Dramatic  Poesy.    Edited  by  W.  H.  Low,  M.A. 

Lond.     Second  Edition.     3s.  6d. 

Langland. — Piers  Plowman.  Prologue  and  Passus  I. -VII.,  Text  B. 
Edited  by  J.  F.  Davis,  D.Lit.,  M.A.  Lond.     43.  6d. 

Milton.— Paradise  Regained.   Edited  by  A.  J.  Wyatt,  M.A.    28.  6d. 
"  The  notes  are  concise  and  to  the  -^omi."— Cambridge  Review. 

Milton.— Samson  Agonistes.    Edited  by  A.  J.  Wyatt,  M.A.    28.  6d. 

"  A  capital  Introduction.    The  notes  are  excellent." — Edticational  Times. 

Milton.— Sonnets.    Edited  by  W.  F.  Masom,  M.A.  Lond.     Is.  6d. 

Shakespeare. — With  Inteodtjction  and  Notes,  by  Prof.  W.  J. 
ROLFE,  D.Litt.,  in  40  volumes.     2s.  each. 

A  descriptive  catalogue,  containing  Prof.  Rolfe's  Hints  to  Teachers 
and  Students  of  Shakespeare,  can  be  obtained  on  application. 


Merchant  of  Venice 
Tempest 
Midsummer     Night's 

Dream 
As  You  Like  It 
Much  Ado  About  Nothing 
Twelfth  Night 
Comedy  of  Errors 
Merry  Wives  of  Windsor 
Love's  Labour's  Lost 
Two  Gentlemen  of  Verona 
The  Taming  of  the  Shrew 
All's  Well  that  Ends  Well 
Measure  for  Measure 


Winter's  Tale 
King  John 
Richard  II. 
Henry  IV.    Part  I. 
Henry  IV.     Part  11. 
Henry  V. 

Henry  VI.     Part  I. 
Henry  VI.     Part  II. 
Henry  VI.     Part  HI. 
Richard  III. 
Henry  VIII. 
Romeo  and  Juliet 
Macbeth 
OtheUo 

This  edition  is  recommended  by  Professor  Dowden,  Dr.  Abbott,  and  Dr.  Fumivall. 
Edited  by  W.  H.  Low,  il.A.  Lond.  28. 


Hamlet 

King  Lear 

Cymbeline 

Julius  Caesar 

CoriolanuB 

Antony  and  Cleopatra 

Timon  of  Athens 

Troilus  and  Cressida 

Pericles 

The  Two  Noble 

Titus  Andronicus 

Venus  and  Adonii 

Sonnetg 


Shakespeare. — Henry  VIII 

Shelley.- Prometheus  Unbound.     Edited  by  V.  D.  Scudder,  M.A 
With  Test  Questions,  by  J.  W.  H.  Atkins,  B.A.  Lond.    Ss.  6d. 

Spenser.— Faerie  Queene,    Book    I.     Edited   with    Introduction 
]sotp:s,  and  Glossaey,  by  W.  H.  Hill,  M.A.  Lond.     2s.  6d. 
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flDental  anb  flDoral  Science* 

Ethics,  Manual  of.  By  J.  S.  Mackenzie,  M.A.,  Professor  of  Logic 
and  Philosophy  in  the  University  College  of  South  Wales  and 
JMonmouthshire,  formerly  Fellow  of  Trinity  College,  Cambridge, 
Examiner  in  the  Universities  of  Cambridge  and  Aberdeen. 
Fourth  Edition,  enlarged.     6s.  6d. 

"In  writing  this  book  Mr.  Mackenzie  has  produced  an  earnest  and  striking  con- 
tribution to  the  ethical  literature  of  the  time." — Mind. 

"This  excellent  manual." — hiternational  Journal  of  Ethics. 

"  Mr.  Mackenzie  may  be  congratulated  on  having  presented  a  thoroughly  good 
and  helpful  guide  to  this  attractive,  yet  elusive  and  diflcult,  suhiect."— Schoolmaster. 

"Mr.  Mackenzie's  book  is  as  nearly  perfect  as  it  could  be.  The  pupil  who 
masters  it  will  find  himself  equipped  with  a  sound  grasp  of  the  subject  such  as 
no  one  book  with  which  we  are  acquainted  has  hitherto  been  equal  to  supplying." — 
Literary  World. 

"Written  with  lucidity  and  an  obvious  mastery  of  the  whole  bearing  of  the  subject." 
— Standard. 

Logic,  A  Manual  of.  By  J.  Welton,  M.A.  Lond.  and  Camb.  2  vols. 
Vol.  I.,  Second  Edition,  8s.  6d. ;  Vol.  II.,  6s.  6d. 

This  book  embraces  all  those  portions  of  the  subject  which  are 
usually  read,  and  renders  unnecessary  the  purchase  of  the  numerous 
books  hitherto  used.  The  relative  importance  of  the  sections  is 
denoted  by  variety  of  type,  and  a  minimum  com-se  of  reading  is  thus 
indicated. 

Vol.  I.  contains  the  whole  of  Deductive  Logic,  except  Fallacies, 
which  are  treated,  with  Inductive  Fallacies,  in  Vol.  II. 

"  A  clear  and  compendious  simmiarv  of  the  views  of  various  thinkers  on  important 
and  doubtful  points." — Journal  of  ICaucatiofi. 

"  A  very  good  book  .  .  .  not  likely  to  be  superseded  for  a  long  time  to  come," — 
Uducatiotial  Review. 

"  Unusually  complete  and  reliable.  The  arrangement  of  divisions  and  subdivisions 
is  excellent." — Schoolmaster. 

"  The  manual  may  be  safely  recommended."— -Erfj^ca^ionfl/  Times. 

Psychology,  A  Manual  of.  By  G.  F.  Stout,  M.A.,  LL.D.,  Fellow  of  St. 
John's  College,  Cambridge,  Wilde  Reader  in  Mental  Philosojphy 
in  the  University  of  Oxford,  Examiner  in  Mental  and  Moral 
Science  in  the  University  of  London.     8s.  6d. 

"  It  is  unnecessary  to  speak  of  this  work  except  in  terms  of  praise.  There  is  a 
refreshing  absence  of  skctchiuess  about  the  book,  and  a  clear  desire  manifes  ed  to 
help  the  student  in  the  sub^ect.'^— Saturday  Review. 

"  The  book  is  a  model  of  lucid  argument,  copious  in  its  facts,  and  will  be  invaluable 
to  students  of  what  is,  although  one  of  the  youngest,  perhaps  the  most  interesting 
of  the  sciences." — Critic. 

"The  student's  task  will  be  much  lightened  by  the  lucidity  of  the  style  and  the 
numerous  illustrative  facts,  which  together  make  the  book  highly  interesting."— 
Literary  World. 
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Algebra,    A  Middle.     By  Wm.  Beiggs,   LL.D.,  M.A.,   F.R.A.S., 

and  G.  H.  Bryan,  Sc.D.,  M.A.,  F.R.S.    3s.  6d. 
Algebra,  The  Tutorial.    Part  I.   Elementary  Course.    By  Rupert 
Deakin,  M.A.,  Headmaster  of  Stoiirbridge  Grammar  School. 

[/«  the  press. 

Algebra,  The  Tutorial.     Part  11.     Advanced  Course.     ByWM. 

Briggs,  LL.D.,  M.A.,  F.R.A.S.,  and  G.  H.  Bryan,  Sc.D., 

F.R.S.    6s.  6d. 

"  Every  teacher  of  mathematics  should  possess  this  volume,  and  we  hope  that  tht 

impulse  that  it  gives  will  revolutionise  the  teaching  of  algebra." — Oxford  Magazine. 

"  All  the  theorems  usually  associated  with  advanced  algebra  are  here  given,  with 

proofs  of  remarkable  force  and  clearness."— Schoohnaster. 

Arithmetic,  The  Tutorial.  By  W.  P.  Workman,  M.A.,  Headmaster 
of  Kingswood  School,  Bath.  [/n  the  press. 

Astronomy,  Elementary  Mathematical.   By  C.  W.  C.  Barlow,  M.A., 
Lond.  and  Camb.,  B.Sc.  Lond.,  and  G.  H.  Bryan,  Sc.D.,  M.A., 
F.R.S.      Second  Edition,  with  Answers.     6s.  6d. 
••  Probably  within  the  limits  of  the  volume  no  better  description  of  the  methods  by 

which  the  marvellous  structure  of  scientific  astronomy  has  been  buUt  up  could  have 

been  given." — Athejicetitn. 

Book-keeping,  Practical  Lessons  in.     Adapted  to  the  requirements  of 

the  Society  of  Arts,  London  Chamber  of  Commerce,  Oxford  and 

Cambridge  Locals,  etc.     By  T.  C.  jACKSON,  B.A.,  LL.B.    3s.  6d. 

"  This  work  is  one  which  is  well-adapted  for  teaching  purposes,  containing  as  it 

does  a  considerable  number  of  useful  examples  and  decidedly  lucid  descriptions." — 

The  Accountant. 

Coordinate  Geometry:   Part  I.      The  Right  Line  and  Circle.      By 
Wm.   Briggs,  LL.D.,  M.A.,   F.R.A.S.,  and  G.    H.    Bryan, 
Sc.D.,  M.A.,  F.R.S.     Third  Edition.     3s.  6d. 
•'  It  is  thoroughly  sound  throughout,  and  indeed  deals  with  some  diflB.cult  points 

with  a  clearness  and  accuracy  that  has  not,  we  believe,  been  surpassed." — Education, 

Coordinate  Geometry :  Part  II.  The  Conic.  By  J.  H.  Grace,  M.A.,. 
Fellow  of  St.  Peter's  College,  Cambridge,  and  F.  Rosenberg, 
M.A.  Camb.,  B.Sc.  Lond.     4s.  6d. 

"The  chapters  on  systems  of  conies,  envelopes,  and  harmonic  section  are  a 
valuable  addition  to  scholarship  students.  The  book  fully  maintains  the  reputa- 
tion of  the  series." — Guardian. 

Dynamics,  The  Tutorial.  By  Wm.  Briggs,  LL.D,,  M.A.,  F.C.S., 
F.R.A.S.,  and  G.  H.  Bryan,  Sc.D.,  M.A.,  F.R.S.     Ss.  6d. 

"This  volume  seems  in  every  way  most  suitable  for  the  use  of  beginners,  the 
initial  difficulties  being  fully  explained  and  abundantly  illustrated."— /owrna/  of 
Hducation. 

Euclid.— Books  I.-IV.    By  Rupert  Deakin,  M.A.  Lond.  and  Oxon., 
Headmaster  of  Stourbridge  Grammar  School.      2s.  6d.       Also 
separately:  Books  I.,  II.,  Is. 
"  The  propositions  are  well  set  out,  and  useful  notes  are  added.    The  figures  and 
letterpress  are  both  well  printed." — Cambridge  Review. 

"The  teacher  of  Euclid  who  may  found  his  teaching  on  the  model  here  provided 
can  hardly  fail  of  success.^'— Schoohnaster. 
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Geometry  of  Similar  Figures  and  the  Plane.  (Euclid  VI.  and  XI.) 
With  numerous  Deductions  worked  and  unworked.  By  C.  W.  C. 
Baelow,M.A.,B.Sc.,  andG.  H.  Beta^nt,  Sc.D.,  F.R.S.    2s.  6d. 

Hydrostatics,  An    Elementary   Text-Book    of.      By  Wm.   Bkiggs, 

LL.D.,   M.A.,   F.C.S.,  F.R.A.S.,  and  G.   H.    Bryan,    Sc.D., 

F.R.S.    Second  Edition.     2s. 

"The  work  is  thorouglily  sound.     The  earlier  chapters  are  models  of  lucidity. 

'  The  hand  of  the  practical  teacher  is  manifest  throughout." — Educational  Revieic. 

"An  excellent  text-hook." — Journal  of  Education. 

Mechanics,   An  Elementary   Text-Book  of.      By  the  same  authors. 
Second  Edition.     3s.  6d. 
*'  It  is  a  good  book — clear,  concise,  and  accurate." — Journal  of  Educatioti. 
"Affords  beginners  a  thorough  grounding  in  dynamics  and  statics." — Knoicledge. 
"  A  most  useful  and  helpful  manual." — Educational  Review. 

Mechanics,  The  Preceptors'.   By  F.  Rosenberg,  M.  A.,  B.Sc.    2s.  6d. 

"The  book  possesses  all  the  usual  characteristics  and  good  qualities  of  its 
fellows." — Schoolmaster. 

Mensuration  of  the  Simpler  Figures.  By  Wm.  Briggs,  LL.D., 
M.A.,  F.G.S.,  F.R.A.S.,  and  T.  W.  Edmondson,  M.A.  Camb., 
B.A.  Lond.     Tliird  Edition.     2s.  6d. 

Mensuration  and   Spherical  Geometry:    Being  Mensuration  of  the 

Simpler  Figures  and  the  Geometrical  Properties  of  the  Sphere. 

Specially  intended   for   London   Inter.  Arts  and   Science.      By 

the  same  authors.     Third  Edition.     3s.  6d. 

"The  book  comes  from  the  hands  of  experts;  we  can  think  of  nothing  better 

qualified  to  enable  the  student  to  master  this  branch  of  the  syllabus,  and   to 

promote  a  correct  style  in  his  mathematical  manipulations." — Schoolmaster. 

Statics,  The  Tutorial.  By  Wm.  Briggs,  LL.D.,  M.A.,  F.R.A.S., 
and  G.  H.  Bryan,  Sc.D.,  M.A.,  F.R.S.     3s.  6d. 

"This  is  a  welcome  addition  to  our  text-books  on  Statics.  The  treatment  is 
sound,  clear,  and  interesting,  and  in  several  cases  the  familiar  old  proofs  are  simpli- 
fied and  improved."— ./oj«-?iaZ  of  Education. 

Trigonometry,  The  Preceptors'.  By  Wm.  Briggs,  LL.D.,  M.A., 
F.C.S.,  and  G.  H.  Bryan,  Sc.D.,  M.A.,  F.R.S.     2a.  6d. 

"The  book  m.cets  excellently  the  wants  of  the  student  reading  for  the  College  of 
Preceptors'  examination.  The  explanations  are  clear,  and  the  illustrative 
ex.amples  well  selected." — Guardian, 

Trigonometry,  The  Tutorial.  By  W3i.  Briggs,  LL.D.,  M.A., 
F.R.A.S.,  and  G.  H.  Bryan,  Sc.D.,  M.A.,  F.R.S.     38.  6d. 

"An  excellent  text-book." — School  Guardian. 
"  The  book  is  very  thorough." — Schoolmaster. 

Trigonometry,  Synopsis  of  Elementary.  By  Wm.  Briggs,  LL.D., 
M.A.,  F.R.A.S.     Interleaved.     Is.  6d. 
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THE  TUTORIAL  PHYSICS.    By  R.  WALLACE  Stewaet,  D.Sc.  Lond., 

First  in  First  Class  Honours  in  Physics  at  B.Sc,  and  E.  Catch- 
POOL,  B.Sc.  Lond.,  qualified  for  the  University  Scholarship  in 
Physics.     In  Four  Volumes. 

I.  Sound,  Text-Book  of.  ByE.  Catchpool,  B.Sc.   3rd  Edition.  38.6d. 
Contents  : — Vibratory  Motion — Progressive  Undulation — Velocity 

of  Sound — Interference — Forced  Vibration — Fourier's  Theorem — The 
Ear  and  Hearing — Reflection  of  Sound — Stationary  Undulation — 
Vibration  in  Pipes — Transverse  Undulation — Acoustic  Measui'ements. 

II.  Heat,   Text-Book   of.     By  R.   W.    Stewaet,  D.Sc.      Third 

Edition.     3s.  6d. 
Contents  : — Thermometry — Expansion    of    Solids — of    Liquids — 
of  Gases — Calorimetry — Liquefaction  and  Solidification — Vaporisation 
and  Condensation — Hygrometry — Conduction,  Convection,   Radiation 
— The  First  Law  of  Thermo -Dynamics — Graphic  Methods. 

III.  Light,   Text-Book   of.      By  R.  W.  Stewaet,  D.Sc.     Third 

Edition.     3s.  6d. 
Contents: — Rectilinear  Propagation  of  Light — Shadows — Photo- 
metry— Reflexion  at  Plane  Surfaces — at  Spherical  Surf  aces — Refraction 
at  Plane  and   Spherical   Sui-faces — Refraction   through   Prisms  and 
Lenses — Dispersion — Velocity  of  Light — Optical  Instruments. 

IV.  Magnetism  and  Electricity,  Text-Book  of.   By  R.  \Y.  Stewart, 

D.Sc.     Fourth  Edition.     3s.  6d. 

Contents  : — Electrification — Electrostatic  Induction — Distribution 
of  Electricity — Frictional  Electrical  ilachines — Potential  and  Capacity 
— Induction  Electrical  Machines.  Fundamental  Magnetic  Phenomena 
— Terrestrial  Magnetism — Magnetic  Measurements.  General  Effetcs 
of  Currents — Magnetic  Effects — Ohm's  Law — Chemical  Effects — 
Heating  Effects — ^^lagneto- Electric  Induction — Thermo-Electricity. 

"  There  are  numerous  books  on  acoustics,  but  few  cover  exactly  the  same  ground 
as  this  {Sound),  or  are  more  suitable  introductions  to  a  study  of  the  subject."— 
Aature. 

"Clear,  concise,  well  arranged,  and  well  illustrated,  and,  as  far  as  we  have  tested, 
accurate." — Jovrnal  of  I^dacation  {onJIeat). 

"The  style  of  the  book  {Light)  is  simple,  the  matter  well  arranged,  and  the 
underlying  principles  of  the  subjects  treated  of  accurately  and  concisely  set 
forth." — Educational  Review. 

"Mr.  "Wallace  Stewart,  in  his  Text-Book  of  Magnetism  and  Electricity,  main- 
tains the  high  level  of  excellency  which  his  already  published  science  text-books 
possess," — Literary  Opinion. 

HEAT  AND  LIGHT,  ELEMENTARY  TEXT-BOOK  OF.      By  R.  W. 

Stewart,  D.Sc.  Lond.     Third  Edition.     3s.  6d. 

"  A  welcome  addition  to  a  useful  series."—  School  Guardian. 

Heat,  Elementary  Text-Book  of.  By  R.  W.  Stewart,  D.Sc.  Loud.  2s. 
Light,  Elementary  Text-Book  of.  By  R.  W.  Stewart,  D.Sc.  2s. 
Sound,  Elementary  Text-Book  of.     By  John  Don,  M.A.,  B.Sc.  is.  Qi. 
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Analysis  of  a  Simple  Salt.     With  a  Selection  of  IModel  Analyses, 

and   Tables    op    Analysis    (on    linen).      By    Wm.    BriggSj 

LL.D.,    M.A.,    F.C.S.,    and  E.  W.    Stewart,    D.Sc.    Lond. 

Fourth  Edition.     2s.  6d.     TABLES  OF  ANALYSIS  (separately) .     6d. 

"The  selection  of  model  analyses  is  an  excellent  iesAaxe."— Educational  Times. 

Chemistry,  The  Matriculation.  Being  the  Matriculation  Edition  of 
the  Tutorial  Chemistry,  By  Gr.  H.  BAILEY,  D.Sc.  Lond.,  Ph.D. 
Heidelberg,  Lecturer  in  Chemistry  at  Victoria  University.  Edited 
hy  WiT.  Briggs,  LL.D.,  M.A.,  F.C.S.     48. 

"  The  descriptions  o;  expcrimonta  and  diagrams  of  apparatus  are  very  good,  and 
with  their  help  a  beginner  ought  to  be  able  to  do  the  experimental  work  quite 
satisfactorily."—  Cambridge  Review. 

""We  cannot  speak  too  highly  of  its  lucid  and  concise  explanations,  its 
thoroughly  scientific  treatment,  and  its  eminently  practical  arrangement  and 
execution." — E'lucaiional  News. 

"  The  leading  truths  and  laws  of  chemistry  are  here  expounded  in  a  most  masterly 
manner;  made,  in  fact,  accessible  to  very  moderate  capacities."— C7j <>»)?[•«;  Neics. 

"The  merits  of  the  plan  on  which  the  book  is  arranged  are  undoubted,  and  the 
work  should  commend  itself  to  all  students  of  chemistry." — Pharmaceutical 
Journal. 

"An  excellent  treatise,  full  of  well-chosen  matter,  tritely  expressed,  and 
admirably  arranged.  Amongst  the  many  books  on  Non-Metals,  Dr.  Bailey's  work 
takes  high  rank."— Prncrica^  Teacher. 

Carbon  Compounds,  An  Introduction  to.  By  R.  H.  Adie,  M.A., 
B.Sc.     2s.  6d. 

"The  subject-matter  of  elementary  organic  chemistry  is  sketched  in  both  an 
interesting  and  profitable  manner." — Guardian. 

"To  students  who  have  already  a  slight  elementary  acquaintance  with  the 
subjectthis  work  cannot  fail  to  afford  valuable  assistance.  The  experiments  are 
well  selected" — Nature. 

Chemistry,  Synopsis  of  Non-Metallic.     "With  an  Appendix  on  Calcu- 
lations.    By  Wm.   Briggs,    LL.D.,   M.A.,   F.C.S.     New    and 
Revised  Editio}i,  Intei'kaved.     Is.  6d. 
"Arranged  in  a  very  clear  and  handy  toTm."— Journal  of  Education. 

Chemical  Analysis,  Qualitative  and  Quantitative.  By  Wm. 
Briggs,  LL.D.,  M.A.,  F.C.S.,  and  R.  W.  Stewart,  D.Sc.  Lond. 
3s.  6d. 

"  The  instructions  are  clear  and  concise.  The  pupil  who  uses  this  book  ought  to 
obtain  an  intelligible  grasp  of  the  jmnciples  of  analysis."— iV^r/fwre. 

"The  matter  is  well  and  clearly  arranged." — School  Guardian. 

"  A  most  careful  and  relial.le  compendium  of  inorganic  analysis.  The  book  has 
■our  commendation."— Prarffca/  Teacher. 
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(Beneral  lElemeutar?  Science. 

General  Elementary  Science.  Edited  by  Wm.  Briggs,  LL.D., 
M.A.,  F.C.S.     Third  Edition.     3s.  6d. 

'-'  Just  the  book  for  the  London  Matriculation.  "Will  be  welcomed  by  thoxisands." 
—Board  Teacher. 

"  Students  entering  for  the  Matriculation  Examination  of  the  London  University 
will  certainly  do  well  to  possess  themselves  of  a  copy  of  this  work,  which  they  will 
find  an  excellent  guide."— -ScAooZ  Guardiaii. 

"  The  fact  that  the  first  edition  of  six  thousand  copies  is  disposed  of  affords  proof 
of  its  popularity  and  its  adaptation  to  the  needs  of  matriculating  students."— 
Teachers'  Aid. 

"  Decidedly  above  the  average  of  this  class  of  work.  The  experimental  part  of 
the  Chemistry  is  decidedly  good." — Guardian. 

"  "We  can  confidently  recommend  this  book  as  being  admirably  adapted  for  its 
purpose." — Journal  of  Edtication. 

"A  book  so  clear  and  thorough  as  the  one  before  us  will  be  very  welcome."— 
Schoolmaster. 

Biolog?* 

Botany,  Text-Book  of.    By  J.  M.  Lowson,  M.A.,  B.Sc,  F.L.S. 

Second  Edition.     6s.  6d. 
*'  It  represents  the  nearest  approach  to  the  ideal  botanical  test-book  that  has  yet 
been  produced." — Pharmaceutical  Journal. 
"  An  excellent  hook."— Guardian. 
"  A  workmimlike  and  well  graded  introduction  to  the  sub]Qct."—Scotsma7i. 

Zoology,  Text-Book  of.  By  H.  G.  Wells,  B.Sc.  Lond.,  F.Z.S., 
F.C.P.  Enlarged  and  Revised  by  A.  M.Davies,  B.Sc.  Lond.  6s.6d. 

"The  information  appears  to  be  well  up  to  date.  Students  will  find  this  work 
of  the  greatest  service  to  them." — Westminster  Eevieiv. 

"  This  book  is  a  distinct  success,  and  should  become  the  standard  work  for  the 
London  Intermediate  Examinations.  It  is  carefully  written  throughout,  clear  and 
concise,  and  yet  is  extremely  interesting  reading."— ff/as/zojo  Herald. 

Biology,  Text-Book  of.  "With  Plates  and  numerous  Questions.  By 
H.  G.  Wells,  B.Sc.  Lond.,  F.Z.S.,  F.C.P.,  with  an  Intro- 
duction by  G.  B.  Howes,  F.L.S. ,  F.Z.S.     In  Two  Parts. 

Part  I.,  Vertebrates.      Third  Edition.     2s.  6d.     Part  II., 

Invertebrates  and  Plants.    2s.  6d. 
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FOR  THE  ELEMENTARY  STAGE,     zb.  each  Vol. 
First  Stage  Mechanics   (Solids).     By  F.  Rosenberg,  M.A.,  B.Sc. 
Third  Edition. 
'•  Mr.  Rosehberf?  has  catered  to  the  -wants  of  South  Kensington  students  -with 
great  skill  and  clearness." — Educational  News. 

First  Stage  Mechanics  of  Fluids.     By  G.  H.  Bryan,  Sc.D.,  F.R.S., 
and  F.  Roseneerg,  M.A.,  B.Sc.     Second  Edition. 
"  An  excellent  elementary  treatise." — Nature. 

First  Stage  Sound,  Heat,  and  Light.     By  John  Don,  M.A.,  B.Sc. 

"This  Toiumc  leaves  nothing  to  be  suggested."— /ScAooZ  Board  Chronicle. 

First  Stage  Magnetism  and  Electricity.      By  R.  H.  Jude,  M.A. 

Cantab . ,  D .  Sc .  Lon  d .     Secon  d  Edi  ti  on . 
"We  heartily  ■welcome  this  book." — School  Guardian. 

First  Stage  Inca-ganic  Chemistry  (Theoretical).     By  G.  H.  Bailey, 
D.Sc.  Lond.,  Ph.D.  Heidelberg.    Edited  by  Wm.  Briggs,  LL.D., 
M.A.,  F.C.S. 
"A  good,  straiofhtforward,  and  accurate  manual." — Schoolmaster. 
First  Stage  Botany.     By  A.  J.  EwART,  D.Sc. 

First  Stage  Physiography.     By  A.  M.  Dayies,  B.Sc,  F.G.S. 

"  One  of  the  best  text-books  for  the  May  examination."— IVacAers'  Monthly. 
First  Stage  Hygiene.     By  R.  A.  Lyster,  B.Sc. 


First  Stage    Inorganic    Chemistry   (Practical).      By  F.   Beddoav,. 
Ph.D.,  D.Sc.     Second  Edition.     Is. 
"An  excellent  manual." — Board  Teacher. 

Practical  Organic  Chemistry.    Ey  George  George,  F.C.S.    Is.  6d. 


FOR  THE  ADVANCED  STAGE.     3s.  6d.  each  Vol. 
Second   Stage   Mathematics.      Being    the    Additional  Algebra  and 
Euclid  with  the  Trigonometry  required  for  Second  Stage.    Edited 
by  Wm.  Briggs,  LL.D.,  M.A.,  F.C.S.,  F.R.A.S.     Second  Edition. 
"  Thoroughly  suited  to  the  requirements  of  the  sjllsibus.''— Guardian. 

Advanced  Mechanics.  By  Wm.  Briggs,  LL.D.,  M.A.,  F.C.S. ^ 
F.R.A.S.,  and  G.  H.  Bryan,  Sc.D.,  M.A.,  F.R.S.  Vol.  L, 
Dynamics.    Vol.  II.,  Statics.    Second  Editi^n. 

"This  volimie  is  clear  and  s,tr<xi^\iitoivrQrdi."— Educational  Jitvitw. 
Advanced  Heat.     By  R.  Wallace  Stewart,  D.Sc.  Lond.    2nd  Ed. 

"  The  principles  of  the  subject  are  clearly  set  forth."— Oz/ortZ  Magazine. 

Advanced  Magnetism  and  Electricity.  By  R.  W.  Stewart,  D.Sc.  Lond. 

"This  volume  covers  completely  the  requirements  of  the  syllabus." — Outlook. 

Advanced  Inorganic  Chemistry.     By  G.  H.  Bailey,  D.Sc,  Lend., 
Ph.D.  Heidelberg-.    Edited  by  Wm.  Briggs,  LL.D.,M.A.,  F.C.S. 
"The  book  is  clear,  concise,  and  well  arranged." — Journal  of  Education, 

Advanced  Inorganic  Chemistry  (Practical).    By  Wm.  Briggs,  LL.D., 

M.A.,  F.C.S.,  and  li.  W.  Stewart,  D.Sc.    2s. 
Practical  Organic  Chemistry.    By  George  George,  F.C.S.     Is.  6d. 

"  "We  strongly  recommend  the  \)Ook.^^— Educational  News. 
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